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PREFACE. 



One object of the writer of the present Treatises is, to supply that which was 
wanting in the former part of the "Library of Useful Knowledge" on m^ 
chanical science. In three treatises Dr. Lardner has taken up the subjects— of 
the mechanical agents, or first moyers ; — the elements of machinery (statics) ; — 
friction, and the rigidity of cordage. In the present are considered the prin- 
ciples of moving forces or dynamics, the equilibrium of artificial structures, and 
the strength of materials used in the arts : the first is theoretical, and the latter 
three treatises are occupied with the most important matters of practical 
mechanics. 

Dynamics has been too frequently omitted in elementary works as a distinct 
branch of mechanical science, or at most stated dogmatically and without demon- 
stration of its principles, from the circumstance of its being treated by mathe- 
matical reasoning of a high order, and extended into other sciences, as 
physical astronomy, where dynamical problems attain their greatest intricacy ; 
the endeavour here has been to use only so much of the simplest mathematics as 
appeared to be unavoidable, and more frequently to exclude it altogether, 
proving the truth of principles and laws by common logic, or reference .to experi- 
mental evidence ; and to confine the subject to its practical limits as a part of 
mechanical knowledge. In all cases the writer has endeavoured to illustrate the 
application of abstract principle by reference to objects in nature and proceedings 
in art. 

The treatise on the Construction of Machinery has been so divided as to lay 
before the reader : — in the first place, a number of elements or simple parts used 
in various kinds of machinery to carry on and change the direction of motion, to 
produce straight from curvilineal, and curvilineal from straight, slow from fast, 
and irregular from regular movements. They are, therefore, the fundamental 
portions of every machine, and the explanation of their functions will enable 
the student to analyze the working parts of any machinery : — Secondly, to illus- 
trate the building of our most modem machinery by examples of those used 
for the most general work, such as turning, planing, hammering, punching, cut- 
ting, wheel-cutting, and printing : these have been chosen because their operations 
are so evident as to require little description of the work done, others, perhaps 
more remarkable to the mechanical eye, such as spinning and weaving machines, 
developing their beauty by a long explanation of the articles made : — Thirdly, to 
explain the instruments by which th& working power of machines is determine 
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able : — and lastly, to supply the latest information relative to that grand con- 
sideration in the formation and use of any machine — ^the amount of the friction 
of substances when at rest or in motion. The apparatus of M. Morin, and his 
manner of using it to determine the coefficient of friction, have been given with 
some detail, as much instruction may be gained from the elegance of the instru- 
ments and the mode of experiment. 

The EQUiLiBRiirif of Struotubes is devoted to buildings in wood and stone. 
The former embraces structures made up of framework, and, commencing with the 
stability of the simple frame often used at the welPs mouth to draw up a bucket, 
proceeds to roofs, domes, and centres for bridge-buildings. In the latter part, 
those structures built up of small pieces, as stone and brick, are considered, from 
the equilibrium of two irregular stones, one resting on the other, to walls and 
arches. The latter part of the treatise is mostly practical, in which the writer 
has endeavoured to explain, in few words, the proceedings of engineers in erecting 
bridges, in stone, wood, and iron, including the suspension principle, and to give 
some of the results of their experience. Illustrative descriptions of a number of 
bridges are added, which generally prove most instructive ; those of the Britannia 
and Conway tubular bridges, to which comparatively considerable space has been 
devoted, deserve much attention, as showing what may be effected by persevering 
experiment on well-founded principles. 

With the last treatise, on the STREiraTH of Materials, some trouble has been 
taken to collect; and condense the great amount of scattered information supplied 
by numerous experimenters. Our knowledge of this subject has greatly increased 
within the last fifteen years, and deserves a collection and careful collation : this 
is wanting ; but it is hoped that the reader who desires not to be ignorant of the 
principal things known, and the principles deduced from modem experiments, will 
find a practical statement of them in the present treatise. 

The mention of our age and nation are sufficient to answer for the remark, that 
the subjects contained in the present volume deserve some attention from all in 
the conmiunity : it is enough for those who set their hands to any division of 
labour to study each point in ifcs practical minuteness ; but of the leading prin- 
ciples which guide in the construction and cause the right action and endurance 
of machinery and other structures, none should be ignorant. For this general 
information the treatises are designed, and the writer has endeavoured, throughout, 
to state the results of human invention in a manner that should require nothing 
but the simple exercise of human reason and judgment to understand. 

G. FINDEN WARE. 
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FOURTH TREATISE. 

DYNAMICS, 

Chapter I. — Nature of the Subject — we attempt to calculate the effects of 

Definitions, forces acting on mobile bodies, all 

particulars must be considered. The 

(1.) Ik the study of the phenomena of qualities of substances, as density, 

solid bodies with reference to the action mass, and weight, are in frequent use 

of forces upon them, which form the in dynamical investigations, 
proper objects of the science of Me- (6.) The density ofa solid body may be 

chanics, it is both philosophical and denned to be the relative closeness of its ' 

convenient to divide the subject into particles or atoms ; the more compact a 

two parts — one under which is classed body is, the greater is its density. For 

that condition of matter termed rest, or instance, platinum, the heaviest of the 

where forces are opposed by equal metals, is above 22 times as dense as 

forces ; the other comprising every con- pumice-stone, which will float upon 

didon of motion, or where forces are water. Water at 60° (Fahrenheit's 

not opposed by equal forces. These scale) is taken as the unit of measure of 

branches are called static f, or equiii- the specific gravities or densities of solid ^ 

brium ; and dynamics, bodies. In the treatise on Ifydrostatics 

(2.) In the former treatises, pub- the reader will find a table of specific 

lished under the direction of the Society gravities. 

for the Difiusion of Useful Knowledge, (7.) The word nuzss means quantity 

the science of equilibrium or statics was of matter ; so that to find the mass of a 

partially considered : in the present body it is necessary to take the product 

treatise, therefore, we shall direct our of the density and the size or volume, 

attention to that division of the science If we have a volume of lead, and one of 

called dvnamics. iron, «ach containing eight cubic inches, 

(3.) The word dynamics means the their masses are not equal ; for the 

science of moving forces generally ; it is density of lead is about 7, and of iron 

understood, however, to be applied to about 1 1 times that of water ; therefore 

the conditions of solid bodies in motion, their masses will be found respectively 

the effects of forces, and relation be- 7 X 8 = 56, and U x 8 = 88, or the 

tween bodies in motion. We have thus mass of the iron will be to the mass of 

presented to us a wide, though most lead as 88 to 56. Confusion frequently 

useful, field of inquiry. arises in the mind from considering the 

(4.) The principal element which dis- mass and weight as identical, which 
tinguishes dynamics is time — a principle they are not, as may be seen from the 
which enters into every problem ; time following consideration. A cubic inch 
is measured by motion ; without motion of lead weighs on the surface of the 
we should have no idea of time. The earth 6^ oz. ; on the sun it would weigh 
apparent motion of the sun and stars 11 -^.j lbs.; so that the weight of a body 
is the foundation of our information re- varies according to its position with re- 
specting time. In simplifying any pro- ference to another body which attracts 
blem for the purpose of calculation, the it, but the mass remains the same in 
time taken into account is generally one both cases, 
second. (8.) The term force is applied to sig- 

(5.) In the science of statics every nify a producer of motion, or a resistant 
case becomes simple on account of the to motion. The idea of force is gene- 
non-interference of such circumstances rally associated in the mind, with ac- 
as the weight of materials, and the par- tivitv ; we know nothing of the nature 
ticular constitution of matter; but when of forces in themselves, but by the 
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effects produced on any body. When and that it occupied 5 seconds in its 

motion commences, we say a force passage ; to find its rate per second we 

caused it; or if a motion be suddenly roust of course divide the whole dis- 

destroyed or retarded, we also say a tance run by the time of running, that 

force effected it. Thfire is. however, a . 15? m 20-. therefore the velocity 

measure of force m the velocity of mo- "» 5 

tion which it creates. per second of the ball's motion was 20 

(9.) Velocity is associated with force f^et. Showing the velocity, we can 

in consequence of an apparent relation find the time which any body will take 

between them. If we suppose a body to run any required distance, or the dis- 

to be composed of a number of particles, tance it will run in any required time, 

any force applied to it will produce in Jn the first case, if the distance be 

each particle a certain rate of motion or given, as 100 feet, and the velocity 20 

velocity ; if there be twice the number _ j .1 10<) k« -.u 

of particles the force will be distributed ^^et per second, then, -g^ = 5 , the 

amongst twice the number, so that half ^^^ ^ ^^^^ ^^ove ; in the second 

the velocity will result. Forces are ^^^ ^^^ ^^e same velocity, the dis- 

therefore known by the velocities they ^^^^ ^^^ ^ ^ y^ j^ 5 seconds will 

can produce in any masses, rractically ^^ ^ ^ 20 = 100 feet 
considered they are supplied by air, /^gx From this simple illustration we 

steam, water, gravity, spnngs. and am- ^^^^^ jj^^ following results :— 
mal exertion. 1 jjjg velocity of motion of a body 

is equal to the quotient of the space 

^ ir rr -^ j- tj» dividcd by the time. 

Chapter II.— Um/oj^i moUon.^Forces o. The Ume of motion is equal to the 

actmg obliquely,— Relation of bodiet in ^^^^^ divided by the velocity. 

motion, 3^ The space described is equal to 

.... - . .J . .- , the product of the velocity and the 

(10.) A BODY IS said to move uniformly time* 

when its velocity continues the same .^^\ Although we took the motion 
during the time of motion ; so if a bafl ^f ^ ^,^^,1 ^„ ^ j^y^i g^^f^^e for illustra- 
could be made to run along the ground ^^^^^ ^^j considered it uniform, we 
at the rate of ten feet m one second, j^^^^^^ ^ experience that, with what- 
and twenty feet were described m two ^^^^ f^^^^ ^ ^ody may be made to move 
seconds, we should say it moved uni. ^^ surface, the velocity gradually 
formly. Ihis is simple enough if we jecreies ; if the ball be made to move 
could obtain motion thus equable, but ^qq f^^^ -^ 5 seconds, it moved more 
that IS not possible naturally : we meet ^^an 20 feet in the first second, and less 
with no uniform motion in nature 5 the ^^^^^ gO feet in the last second. The 
qualities of matter are such that when y^^^ j^ j^g ^^^^^ of motion, had to con- 
any motion takes place it is either acce- ^^^ .^^^ ^^^ opposing power of fric 
lerated or retarded, from thestonethrown ^^„ ^^^ ^^e resistance of the air, 
carelessly into the air to the great pla- ^y^^^ ^^ continually retarding its mo- 
netary bodies which move through space; ^j^jj whereas the force which impels 
the same circumstances may be observed, ^j^^ j^^j ^^ ^^^^y ^ momentary im- 
that where matter causes motion m j^^^ According to our conclusions 
matter by its attractive power, that mo- ^^^^^ ^^ove. the velocity was supposed 
tion will not be uniform. uniform, which would be the case if the 
It might be considered, from these retarding forces could be put aside; this 
remarks that it is of little value to con- assertion cannot be shown to be true by 
sider uniform motion ; but it will be seen ^^^ ^f experiment, but may be de- 
that we found our calculations of van- ^^^^ f^^^ the nature of the thing, and 
able motions upon the supposition of ^^^^ argument which experiment sup- 
uniform motions. Again, we have uni- jj^^ \f ^^ ^^^ ^^ ^^,1 ^ j,^y ^^^ 

form motion, practically speaking, m ^ rough road, it quickly comes to a state 

machinery. . ,n n *i . of rest; if it be tried on a smooth and 

(11.) We observed, in art. (9.), that 

the velocity of any motion was to be » These rules may be .Uted more conveniently, 

measured by the time and space, or dlS- by putting v for velocity, t for time, »nd« for space. 

tance. Suppose a ball was allowed to 'T^®"' ^ ^ 

run with a uniform motion for 100 feet, tf = _, '~r* « = ^>^ 
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level pavement, it will run much far- 
ther; if it be projected on a sheet of ice,, 
it will appear for some time to move with 
the velocity at first given, and run to a 
great distance. It may be argued from 
this, that if we could prevent the little fric- 
tion between the bail and the ice, and 
the resistance of the air, the ball would 
never stop. 

(14.) The principle we have here de- 
duced forms part .of the first of the cele- 
brated laws of motion, as stated by Sir 
Isaac Newton in his Princijna*, which 
is, that all bodies will continue in their 
state of rest or motion ; that is, if they 
be in motion they have no tendency or 
power to stop, and if at rest no power 
to move; the latter assertion is easily 
acknowledged, as we find that every 
body resists our efforts to move it, but 
the former cannot, as we have seen, be 
so plainly shown to the physical senses; 
indeed many of the old philosophers 
supposed that rest was the natural state 
of matter, which it always sought when 
in motion, and accordingly termed this 
passiveness of matter inertia, or idleness. 
(15.) The effect of this law is of great 
consequence in mechanical contrivances 
for producing motion ; for it is easily seen 
that when the least possible expenditure 
of power is required to be made we 
must reduce the retarding causes, of 
which friction is the most important at 
moderate velocities; and also that when 
we have made the machine work as 
freely as possible, we require but the 
power to balance the retarding forces 
when the whole is in motion; when that 
is effected, the machine will continue to 
work uniformly if the work to be done 
offers a uniform resistance. Such con- 
siderations prevent the undue expendi- 
ture of power and useless wear of the 
parts of a machine, which are points of 
great importance in practical mechanics. 
(16.) It may also be observed, that 
whatever amount of force is exerted, 
above that which is required merely to 
produce motion, will increase the velo- 
city of the mobile parts of the machine; 
in the case of a railway train, for in- 
stance, a certain amount of power is ex- 
erted by the locomotive engine, which 

* 1 . That every body perseveres in its state of rest 
or uniform motion in any direction, unless urged to 
change that state by forces impressed. 

2. That change of motion is proportional to the 
moving power impressed, and is in the straight line 
in which that force is impressed. 

3. Action is always contrary and equal tore-action, 
or the actions of two bodies upon each other are 
equal, and in contrary directions. 



produces motion in the train ; once mov- 
ing, the engine is required only to over- 
come the friction of the moving train 
and the resistance of the air, when the 
train runs on a level ; but as the engine 
has more power than is required for 
those purposes, it continues to exert a 
pulling force on the train, which in- 
creases its velocity till it reaches a cer- 
tain rate called its maximum, that is 
when all the forces become equal. 

(17*) We have hitherto been consider- 
inp, the effect produced on a body by one 
force; if two torces act at the same time, 
the result will vary according to the rela- 
tive direction and intensity of the two 
forces. When a body in motion is im- 
pressed with a fresh force acting in the 
same direction, the effect will be an in- 
crease of velocity in the original direction. 
If the force act oppositely there will be a 
decrease in the velocity of the moving 
body proportional to the force. The 
third condition proposes to consider the 
effects of forces acting obliquely, or per- 
pendicularly to each other. 

(18.) In a former treatise on Mecha- 
nics it was shown that when two or 
more prestures act on a body it will take 
up some position of rest or equilibrium, 
which may be drawn geometrically, ex- 
hibiting both the direction and amount 
of the pressures. The same may be 
done in the present instance; the 
amount of the forces impressed and the 
direction of the body's motion being 
expressed by a simple construction. 
We suppose at present that the forces 
are acting in one plane, and the body 
free to move in that plane. 

(19.) Let it be required to find the 
position of a body at any time, and the 
distance run when impressed by two 
equal forces acting at right angles to 
each other. 

Fig. 1. 
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Draw the two lines AX, AY to 
represent the direction of the two forces 
at right angles to each other, and mea- 
sure an equal length, as AB, AD, 
equal to the distance the body would 
have run by the effect of each force 
separately, then draw B P parallel to 
A D, and D P parallel to A B, and the 
point P will show the relative position 
of the body impelled by both forces con- 
jointly, having occupied the same time 
as it would to move from A to B or D 
by the solitary action of each force*. 

(20.) As an illustration of this con- 
struction, suppose a ball at A to rest 
on a smooth surface and be struck by 
two equal forces, each of which would 
produce a velocity of 2 feet per second ; 
what velocity will the two forces acting 
perpendicular to each other produce, 
and how far will the ball have travelled 
in 2 seconds ? By the principles before 
mentioned, the space described in 2 
seconds by a body moving at the rate of 
2 feet per second is 4 feet ; then taking 
any unit of measure we please, as A a, 
we may measure it four times on each 
line forming the two lengths A E, AC; 
the body therefore will describe the line 
AP in the two seconds. To find the real 
amount required, it must be remembered 
that to calculate the hypothenuse of a 
right-angled triangle we take the square 
root of the sum of the squares of the 
other sides t, so that in our figure 

A P' = v^A E'-h EP'3; we have the 
length of A E = 4 feet, and E P' is also 
equal to 4 feet, being equal to AC, 
therefore 



we have merely to measure on that side 
in the direction of which the force acts, 
a proportional number of units. In 
fig, 2, the forces are represented un- 
equal ; that in the direction of A Y 
producing a velocity of 3 per second, 
while that in the direction A X is 6, 
and the body will describe the diagonal 
A P, and may be found as before. 

(22.) Where the two forces do not 
act at right angles, they either partially 
destroy or assist each other. The latter 
is the consequence when their direc- 
tions make an acute angle, as in/j^. 3» 

Fig. 3. 




A P' = ^/ 16 -^ 16 s= x/ 32 r= 6^ 

nearly. From this we find that the re- 
sulting velocity will be about 2^ feet, 
and the distance run in two seconds will 
be above 5^ feet. 

(21.) When the forces are unequal, 

Fig, 2. 




by which it will be seen that the in- 
crease D £, in the space described in 
the direction A X, is owing to the 
obliquity of the direction of the force 
in A Y. The calculation of the space 
and velocity in this case is rather more 
difficult, as the distance D E must be 
measured. Suppose the velocities and 
times as before, namely 2 feet per 
second, and 2 seconds the time of mo- 
tion; then, 

AP>= AD«-|-DP3-|-2ADxDE* 
in the figure D E ^ 2 of the spaces or 
units, therefore we have 

A P« = 16 + 16 -h 16 =r 48, 

and A P = x/ 48 = 7 nearly, so that 
the ball will have a velocity d( 3^ feet 
per second, and move in two seconds 
through 7 feet. 

(23.) The other form of oblique ac- 

Fig. 4. 



• See Chap. 7t Mathematical JHtutrationf, 

t Geometry, Book I. Prop. 36, or Euclid, i, 47. 




• Geometry, I. Prop. 37. Euclid, ii. Prop. 12, IB, 
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tion is shown in fig. 4, whence it 
appears that the distance run is dimi- 
nished, or that some part of the two 
forces has heen destroyed. Measuring 
the units on each line as before, we find 
that the ball has progressed in the di« 
rection A X hut one-half the distance 
due to the force in that direction alone, 
for, drawing the perpendicular P E, it 
bisects the line A D. Then to calcu- 
late the real space described and velo- 
city of motion as before, again using the 
same amounts, 

AP««AD2 4.DP« — 2ADx ED. 
D E being equal to 2 units, 

A P« s= 16jf 16 — 16 = 16, 

and A P = >/ 1 6 ^ 4 ; therefore the 
ball will move with a velocity of 2 
feet, and the distance run in 2 seconds 
will be 4 feet. 

(24.) When any body in motion is 
acted on by a force at right angles to its 
line of motion, a similar effect to t hat- 
already described is produced. If the 
ball A> fig* 5, be moving toward X 



sents a complete obstruction to the 
current. Let A B, fig. 6, represent a 

Fig. 6. 





fi&d when it reaches the point B, a 
force acts upon it in the direction B Y, 
the ball will move towards P, and de- 
scribe B P in the same time in which it 
would have described B D or B C by 
the action of either force alone.. 

(25.) What we have stated in the 
preceding articles follow from the 
second law of motion. In the first 
treatise the principle was referred to 
statically, that is, showing that two or 
more pressures might be equilibrated by 
a pressure in the direction of the re- 
sultant of all the pressures ; in the pre- 
sent case we suppose no equilibrium to 
be established^ but use the same means 
to find the resulting motion. 

(26.) The effect of the action of two 
forces is very strikingly illustrated in the 
turning of a vessel by its rudder, — a 
little fnstrument, but holding an asto^ 
nishing influence over the motions of 
the vessel, which presents but little 
direct resisting surface to the current, 
while the rudder, when turned so as to 
be perpendicular to ibe stream, pre* 



section of the rudder, the current run* 
ning in the direction of the arrow D ; 
the effect of the force upon the oblique 
surface of the rudder may be found by 
drawing the line D E perpendicular to 
B A, to exhibit the resistance of the 
rudder, F £ parallel to B D, and join- 
ing B F ; then the force represented by 
D F is resolved into two, D B and D £ ; 
the former exerts no influence on the 
rudder, but the latter tends to push it 
back; this being prevented by the 
helmsman, the head of the boat will 
move as indicated by the arrow R, 
until tlie ruddei: is again in the direc- 
tion of the stream. 

(27.) Again* the arrangement of the 

crank-rod of a steam-engine affords an 

instance of loss of power, which may 

be shown by this principle. Let A B, 

fig. 7, represent part of the beam of a 

Fig. 7. 




steam-engine, and A K the crank -rod ; 
then the beam, in descending, pushes 
in the direction of the arrow D; this, 
however, is not the line in which the 
resistance of the crank-rod is directed, 
which is K A ; therefore if we draw the 
line A C along the crank-rod, A D for 
the direction of the motion of the beam, 
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and form the parallelc^ram, A E CD, we only necessary to add the amount to its 

find that the crank- rod receives the force distance; thence we deduce as a rule 

AC, the remaining force AE serving for bodies moving in the same direc- 

merely to wear away the axis at A, and tion : — 

derange the parts of the machine. The distance between two bodies at 

We may here observe that the less the any time, when moving uniformly, is 

crank R R, and consequently the less equal to the difference of the distances 

the angle CAD, the less will A £ be; moved by each*. 

the crank, however, must not be short- (30.) Suppose an army to set out for 

ened beyond a certain amount, other- military operations 100 miles distant, 

wise the loss there would be as great as travelling at the rate of 20 miles a day ; 

the lo^s from the first-mentioned cause, and a day after a brigade commences 

(28.) We have liitherto examined the the same march, but at the rate of 25 

effect of forces on a single body, where miles a day; how far will they be from 

two or more bodies are in motion^ and each other at the conclusion of the 

we require to establish a relation be- fourth day's march, reckoning from the 

tween them, or to find their relative time the brigade started? In this case 

position at any time, the motion of each the army has 20 miles start of the bri- 

must be first determined, and then their gade, and is moving at a slower speed, 

relation may be found. For instance, Then, 20 X 4 + 20 — 25 x 4 = 0. 

suppose two men to be running in the They will consequently meet after four 

same direction and at the same speed, days march ; and also they will have 

one having the start of the other by 20 reached the place of action, 
feet, they will evidently be 20 feet dis*. (31.) Again, suppose it were required 

tant from each other at any part of their to make a siding f on a line of railway 

journey, and 20 feet also when they at such a distance from the terminus 

stop ; but. if the speed of the first be that a luggage or slow train, moving 1 6 

greater or less than that ^f the other, miles an hour, and starting regularly 
e will either increase his relative dis- three hours before a fast train which 
tance, or the second will come up with moves 36 miles an hour, may arrive in 
him. On account of its simplicity we time to run off and allow the fast train 
will again make use of a rolling ball to to pass without stopping. The luggage 
establish a rule. train has a start of 16 x 3 = 48 miles, 
(29.) According to a former rule but in this instance no time is given, he- 
art. 13), a ball moving at the rate of 3 cause the time of their meeting is re- 
eet per second, will have run in 5 auired to find the distance run. Taking 
■seconds, 5 X 3 :i± 15 feet; suppose the form given by the last example, we 
another to start at the same time in the have, 16 X time + 48 — 36 X time == 0, 
same direction, with a velocity of 2 feet, that is, the distance between them is 
it will have travelled in 5 seconds, nothing, or they meet, which is accord- 
5 X 2 = 10 feet; therefore the dis- ing to the conditions of the problem, 
tance between them is the difference of Transpose 36 X time to the otner side, 
these distances, or 15 — 10 = 5 feet; and divide by the time; then, 
if either had any start of the other, it is 

16 + — = 36, or -i^ = 36 — 16 s±= 20, or 48 = 20 X time, 
time time 

and lastly — ^ time, = 2^. We have thus easily foUnd the time ; then we have 

for the distance of each train from the terminus, 

16 X 2? -I- 48 =s 86J, and 36 X 2| = 86|; 
therefore the siding must be made about 86^ miles from the terminus. 

* ltt = time, V = lesser velocity, V = ^eater velocity, « and S = space described by the balls moving 
with the lesser and greater velocity respectively, and D = start of either ball, then S — «=(V — t>)<TD*; 

so that to find the time when the two will meet, if that be possible, t = _H-. 

.. V-» 

t A " siding" is an extra pair of rails laid beside the r^pilar line, on which luggage imd parliamentary 
trains may run, to enable regular passenger trains to pass by them. 

• The negative sign being used when the ball moving with the lesser velocity has the start, and the 
positive in the other case. 
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Chapter III. — Momentum and Collinon. which it cannot be compared, but 

greater than a ball moving at the same 

(32.) In the application of forces to rate, and of 1 lb. weight. Again, if 

produce any required effect, 'an instru- there be two balls of 21 lbs. each, giving 

ment or machine is generally made use of them the same velocity, they will pro- 

to modify and direct the force in a proper duce an equal amount of effect ; but if 

manner, so that the applied force acts one be driven with a velocity of 1000, 

either as a pressure or as an impulsive and the other a velocity of 2000 feet per 

power. These two forms are generally second, the momenta are, for the first, 

quite distinct from each other, their 1000 x 25=25,000; and for the second, 

effects being of such a kind as to prevent 2000 x 25 = 50,000, which is double 

any just comparison between them. We the first amount. 

shall, in this chapter^ consider the na- So also we may find the velocity 

ture of this impulsive force or impact. required of any moving body whose 

In our previous examinations, forces weight we know, to produce an effect 

were treated of independently of the equal to any given amount ; for as the 

body or bodies to which they may be momentum = mass x velocity, so the 

applied. By experience we know that ^ ^ momentum 

to raise a hundred weight we must bring velocity required = — "^^^ ^^ * 

into action more force than is required , „ ^ ^^ « • r . » , . n 

to raise half that amount ; and if the ^^i J'^/^ ^^^' "^^'^^^ j'^T^ * ^^^^^^'^ ^^ 

two bodies be thrown from the hand. }^^ ^ P«^ ««9^^?,^' Jjl momentum 

they will strike any obstruction with .»s 50.000; then a ball of 20 lbs. weight, 

very different amounts of force: a to have an equal amount of momentum, 

worsted ball may be thrown against a ^ , > . > . 50,000 

window without breaking it. while a must have a velocity equal to -^^ = 

brass ball of a similar size would imme- 2500 feet per second, 

diately produce a fracture. Again, when (34.) The force of momentum is a re- 

a light nammer is used to perform any suit which follows from the principle of 

work, we make it descend with greater inertia : if we expend so much force to 

speed than if it were a heavy hammer, put any body in motion, by the nature 

We learn, therefore, from daily obser- of matter it will require as much force 

vation, that in the intervention of matter to destroy that motion. Although this 

between forces and the objects to which is self evident, its general effect was 

they are applied, there are circumstances very imperfectly considered in the early 

which ought to be considered. states of society. They were content 

Of equal masses the velocities are with the most rude applications of the 

proportional to the forces. power, as is seen in their military 

With equal forces the velocities are engines, 

inversely as the masses moved. The peculiarity of the forc6 of mo^ 

With equal velocities the forces are mentum is that its effects upon solid 

proportional to the masses. bodies are local, or confined to the spot 

(33.) The quantities which enter into where the force is applied, especially 

the calculation of the effects produced when a body moves with a great velocity, 

by moving bodies are the mass of body If a child press on a pane of glass with 

and its velocity of motion. These, his finger, if not sufficient to withstand 

multiplied together, constitute the mo- the force it will fracture in several 

mentum of the body, or i^s quantity directions ; yet a small shot, movin<j: 

ofmotion^ with considerable velocity, will pene- 

This force can therefore be found and trate the glass and form a small hole, 

compared in any number of bodies when leaving the other part of the pane 

these two quantities are known. We undisturbed. It appears, in such a case, 

say compared, because it is not referable that in consequence of the instantaneous 

to any standard, as we speak of a pound action of the force, sufficient time does 

or ounce weight. Thus, suppose a can- not elapse to enable the particles of 

nou'ball of 15 lbs. weight, and moving glass which are struck by the shot to 

with a velocity of 1500 feet per second, communicate motion to the particles 

to strike against a wall, we might say its around ; they are instantly tcH-n away, 

momentum, according to the above rule, and the action of the force is no longer 

is 1500 X 15 = 22,500, not pounds exerted on the pane. In the pressure 

weight, for weight is a pressure, with of the finger there is time enough for 
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the effects of the force to reach ererj 
particle of glass in the pane ; and as the 
pressure becomes greater those parts 

gWe way which, from several causes* 
ave the least cohesion. No pressure 
would therefore produce the same effect 
as the smeJl shot moving with a high 

Telocity. 

From this distinctive character of the 
effects of momentum, it is always used 
where a sudden effort is required and 
great resistance to be overcome. For 
the purpose of driving a nail into a 
piece of hard wood a pressure would be 
incompetent ; but a few quick blows 
from a small hammer are generally suffi* 
cient. In the operations of a siege this 
force is most useful t it may be required 
to destroy a wall or other obstruction 
which is of so great a mass that no 
pressure would be serviceable; but by 
cannonading, the stones forming the 
wall are loosened, a groove is gradually 
cut out; and this being repeated at 
another part, the wall between is 
weakened: the whole fire is then di- 
rected against the weakened portion till 
it falls. 

(35.) There is an important considera- 
tion arising from these statements, which 
is that every machine should be made of 
a weight or mass proportional to the 
weight of the work for which it is 
intended. This forms a conspicuous 
element in the construction of any 
machine ; and proper adjustment in this 
respect contributes mainly to give regu- 
larity and apparent ease in the perform- 
ance of the several parts. The fly- 
wheel of a steam engine affords a striking 
instance of the value of mass in a ma- 
chine ; for its momentum when in mo- 
tion being so greatly superior to any 
sudden resistance which it is likely to 
receive from the machinery driven> thfe 
engine will suffer no perceptible derange- 
ment in its motion. 

(36.) When two or more bodies come 
into collision with one another, and are 
moving or free to move, the subject 
becomes more extensive; for a most 
useful and well-known property <^ mat^ 
ter must be considered, namely the elas- 
ticity of solid bodies ; that is the power 
which any substance has, when com- 
pressed or bent, of returning to its ori- 
ginal form. This singular property is 
not possessed equally by all substances : 
lead has but little elasticity, while glass 
is almost perfectly elastic, and the most 
elastic substance with which we are 



acquainted; so that all matter is but 

partially elastic 

(87.) The different elastic power of 
substances is very plainly observed by 
the following apparatus. From the 

Fig,S. 
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hooks at A are hung^ by fine threads, 
two balls of the substance intended to 
be tried. They must be of equal weight, 
and suspended so that, when they touch, 
their centres may be at the same distance 
from the point of suspension* Imme- 
diately behind them is the scale B C, on 
which is described the arc of a circle, 
divided into equal parts, commencing 
fVom the lowest point, which is 0, or 
zero, and numbering upwards on each 
side. If the balls be raised to equal 
distances on each side of the point 0, 
and allowed to fall, they will meet again 
at the point 0, when their elastic quality 
allows of an instantaneous compression, 
when the balls separate and fly back- 
wards from each other, ascending the 
arc through which they descended, but 
not exactly to the same height; the 
difference between the length of the arc 
descended and the length ascended, will 
exhibit the elasticity of the substance as 
compared with perfect elasticity. If it 
had been perfect, the balls would have 
ascended to the point whence they com- 
menced descending. Suppose they were 
two balls of box wood, it would be found 
that, if lifted to the division marked 6, 
and let fall, they would^ after striking, 
return up the arc to about the division 
marked 5* Perfect elastic power would 
have returned them again to the sixth 
division; but being partial only, these 
numbers express the ratio of the elas- 
ticity of box wood to perfect elasticity, 
or as 5 to 6, or |. This apparatus was 
used by Newton, and is described in his 
great work, the Prtndpia, He thus 
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found that, with balls of wonted, the centre ofgravity is situated in the centre; 

ratio was 5 to 9; with ivory, 8 to 9; consequently, when two balls of the same 

and glass, 15 to 16. The elastic power size strike each other on a plane, their 

was therefore j, |, tt*. centres of gravity and point of contact 

(38.) If any substance were quite in- will be in the same straight line, 
elastic, equal masses of it, moving in op- • j/t^^ g 

posite directions with equal velocities and ^* 

coming into collision, would immediately B A 

stop ; for the momenta would be equal, Mm(^^ -^mC'^ 

and consequently neutralize each other. ^ y v J 

The investigation of the effects of 

moving bodies on other moving or Suppose the ball A, of 2 lbs. weight, 

moveable bodies is much simplified by (Jig, 9,) to be moving along C D at the 

considering them as non -elastic. We rate of 4 feet per second, and to strike 

shall therefore state a few general laws another ball B, also 2 lbs. weight, 

of collision, when it will be easy to moving in the same direction, as indi- 

apply the correction for partial elasticity cated by the arrows, with a velocity of 

to the results obtained. 3 feet per second, the rate of motion of 

1. If two solid bodies be moving in both, after collision, will be 

the same direction, the common velocity, A x its velocity + B x its velocity 

after collision, is equal to the sum of tne "" A~X"B * 

products of the masses and their veloci- «; j. 2 ^ 

ties, divided by the sum of the masses. |.|,at is ^ ^ ]" „ ^ = 4 feet per se- 

2. If two bodies be moving m opposite ^ -f- ^ 

directions, the common velocity is equal cond. If the balls be unequal in size, so 

to the difference of the products of the that A = 2 lbs., while B = 6 lbs., then 

masses and velocities divided by the sum 2 x 5 -t- 6 X 3 „ . - ^ , - 

of the masses 2+^ ^ ^i '^^^ P^' *^°°^ ^^^ 

3. If one body be at rest and the their resulting velocity, 
other in motion, the common velocity is j?- in 
equal to the product of the mass and '^' ^' 
velocity divided by the sum of the ^ ^ 

masses. /^^^^^ /^^ 

(39.) The most simple manner of ill us* V^ J^^^ '^^v J 

trating these laws is by supposing the 

masses to be balls ; because it is requi- In the second case the bodies move 
site to exhibit the proper effects of col- in opposite directions. Let A = 3 lbs., 
lision that the two bodies strike each having a velocity of 5 feet per second ; 
other so that the line joinins their centres and B j£s 3 lbs., with a velocity of 3 feet 
of gravity may pass through the point of per second ; move in the directions de- 
concussion ; if it do not, the effect of the noted by the arrows ; after impact their 
impact will not merely be an increase or velocity will be 
decrease of velocity, as by the above A x its vel. — B X its vel. 

rules, but complex motions ensue, as AlflB ' **' 

we shall have occasion to notice when 3^5,^3x3 

speaking of rotation. In spheres the ^ r=s 1. That is, B will 

■ ^ ■ — • — have its original motion destroyed, and 

• The above is merely a tou^ih statetntat of the ™OVe with a velocity of 1 foot per 

method of determining the dartMity; for the veloci- second Ul the direction of A's motion. 

!^^:^^''J^^iSS'>r:'etT^^''f^ if A-s motion were less than th« of B. 

A, and after collision with the the resulting quantity would be minus; 

ISowSlud'^^'SJl'eJl^'rf yr that is. it would move in B's direction. 

the arcs, C ft B, and C b B a A, X /«, «. , , 

but the chords of the arcs, C B, / 1^ ^tR- 1 1 • 

CA, which express the ratio of ^ ' ° ' 

the velocities. In experiments, 

the chords of the arcs must be 

measured. The diords of small 

arcs, however, differ but little G 

fh>m the arcs themielves in 

length; and the smaller the arc the smaller the diffcr- t.. *w* «k:«#] f>^a^ #%«« v.<k^» :« «» -««.* - 

enS.StomeexceUent experiments have been made on In the third Case One body IS at rest; 

the elasticities of different substances by Mr. Eaton then if A be a ball of 5 Ibs. weight, 

H«WJn«». to wlud. w. .MI h.v. owuKm to ^^^^^ ^j ^^ ^^ ^ 4 f^ ^^ 3^^j^ 




Q ^=Q 



10 



MECHANICa 



and B another ball of 5 lbs. wekht, at 
rest, both balls, after impact, will move 

on with a velocity of ^ ■ 5 = 2 feet per 

second. Thus the body in motion trans- 
mits half its velocity to the body at rest, 
both being of equal mass. 

(40.) In the collision of partially elas- 
tic substances we shall find that if two 
balls, under the above-mentioned condi- 
tions, meet, they will not move on to- 
gether, there being a recoil of the im- 
pinging ball proportional to its superior 
velocity to that of the second ball, and 
the elastic power of the substance. In 
each case two equal elastic balls meeting 
will exchange their states. 

Thus, if they move in similar or oppo- 
site directions, the ball having the greater 
velocity will transfer it to the other and 
receive the lesser velocity. Where one 
strikes another at rest, the whole motion 
of the first is given to the ball at rest; the 
striking ball, receiving no motion, remains 
at rest. 

jP^. 12. 



mg.is. 




marked 3, and A to the division 6; 
when allowed to fall they will meet at 0, 
and be driven back, A to the point A', 
or 3, and B to B', or 6, nearly ; do that 
they evidently exchange velocities. 

Fig. 14. 





The simple apparatus shown in^. 8 
will well illustrate these circumstances. 
If A B be two equal balls of wood or 
ivory, and they be raised on one side of 
the perpendicular to different heights, 
as in^. 12, A will strike B when they 
reach the lowest point, or 0, and recoil 
a little, giving greater velocity to B ; so 
that when they arrive at their highest 
point on the other side, their positions 
will be A' and B'; whence it is plain 
they have exchanged velocities. 

Again, we have said that when the 
two partially elastic balls strike each 
other with equal and opposite velocities, 
they rebound to about the point whence 
they set out ; they really exchange ve- 
locities. This may be shown by raising 
the ball B, as in Jig, 13, to the division 



Also, if 6 be at rest, as in^. 14, and 
A raised and let fall, on striking B it will 
stop; while B, taking A*s motion, will 
describe the arc B B', nearly equal to 
that down which A fell. 

(41.) Perfect elasticity would cause the 
following alteration in the rule for bodies 
meeting each other. If the ball A, 
Jig. 9, struck against B, moving in the 
same direction, they would not have a 
common velocity ; but the velocity of A 
would be 
A X its vel.— B x A*s vel. -f 2 B x its vel. 

aTb ' 

and the velocity of B = 

B X its veL— A x B's vel.-t-2 A X its vel. 

A-hB * 

so that the difference between this and 
the former- rule consists in the addition 
of twice the weight of A and B, multi- 
plied by their respective velocities. 
Therefore the ratio of the elasticity of 
any substance must enter as a multiplier 
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into the calculation. Suppose the impact of two ivory balls to be under consi- 
deration, the form of the above would be — 

,, , . ^^ ^ . ' AxitsveL — Bx A'svel. x§ + (l + J)Bxit8vel. 
velocity of A after impact s= .. i p 

B X its vel.— A X B's vel. x § + (1 + A X its vel. 
Velocity of B after impact = : > i r 

Thus, suppose two balls of ivory, A = 3 lbs., its velocity =s 5 feet per second, 
and B = 3 lbs., its velocity = 3 feet per second, to come into collision, the velocity 
of A would afterwards be 

3X 6 — 3X5X 8 + (l+i)3x 3 _ 15 — ?4 - (^jti^ _ ?^^ «. o j 

3 + 8 "" 3 + 3 — 6 — 3fi- 

And the velocity of B =s 

3x3 — 3x3xa + (l+i)3x5 _ 9-5 + (15 + 8^) _ 274 _ 

3 + 3 "" 3 + 3 — 6— 4«- 

The rule may be applied to the two other cases of impact. When A and B 
move in opposite directions — 

A X its vel. — B X A's vel. x H — (1 + i) B X its vel. 
Velocity of A = ^ i p 

, , . .« A X B's vel. X f — B X its vel. + (1 + i) B X its vel. 
Velocity of B = . ^ 

When A moves, and B is at rest, — 

^r , . ^ . A X its vel. — B X A's vel. X i 
Velocity of A i= a , g 

Velocity of B == ^ ■_ p • 

These rules apply to all cases where ther ball rest against the opposite side, 
parts of machines come into collision; it would be impelled with the velocity 
and the effects produced may then be of the striking ball, no matter how thick 
easily determined. or long the interposing body. This may 

(42.) The effect of partial elasticity is be strikingly shown by fixing a long rod 
observed when a stone is thrown upon of wood so that it will not move along 
the ground, or a ball impelled against when struck at either end, and sus- 
the side of a billiard table. If a round pending a ball so as to touch one end of 
stone be let fall on hard pavement, it the rod. If the other end of the rod be 
rebounds to a certain height ; if it were gently struck, the ball will instantly fly 
quite elastic it would reach the point off*, while the rod has not moved at all 
whence it fell. If it be thrown obliquely, from its position. 

Fig, 15. (43.) In estimating the effects of mo- 

mentum there has been much dispute 
whether the weight should be mul- 
tiplied by the velocity or the square of 
the velocity to express its magnitude, 
which has arisen from the manner in 
which the subject is considered. The 
first method follows from what we have 
as in fig. 15, it will be reflected to an said of uniform forces: a uniform force 
angle BCD less than that at which it acting on a body for two seconds will 
struck the fixed object, which canuot produce twice the velocity which would 
take any of its motion ; the ratio of the be acquired in one second ; and also, if 
lines A E, B D consequently express double the force acts for one second, the 
the ratio of its elasticity. Although the same effect is produced as in the first 
fixed object does not move, its particles case ; and as the moving body is sup- 
are put into a state of vibration by the posed the same in both cases, the mo- 
impact of the moving body ; and iiF ano- mentum or quantity of motion will be 




12 MECHANICS. 

the same. HoweTer» in many instances, continue their action upon a body for 
the observed effects of moving bodies on any length of time, for a uniform mo- 
striking solid substances appear to re- tion is the result of the momentary 
quire the square of the velocity to ex- action of a force, but when it acts con- 
press the true value. In such cases the tinuously it will increase or accelerate 
calculation is made with the weight of the motion of a moving body ; a force 
the velocity, multiplied by the height acting under such conditions is called 
which it must have fallen through to an accelerating force, 
acquire the velocity, and the heights are (45.) We shall confine ourselves, in 
proportional to the square of the Teloci- this chapter, to the consideration of 
ties.* Thus, if we have a velocity of 2 the accelerating natural force of gravity, 
feet per second in a hammer by allowing the higher branches of the subject be- 
lt to fall 4 feet, to obtain double that longing properly to the science of astro- 
velocity we must raise it 16 feet ; for nomy, although it is the action of the 
the square root of 16 is 4, which is the same kind of force; by the same law 
velocity required. When, therefore, we we may find the path of a planet re- 
multiply by the height, we multiply by volving round the sun, or the course of 
the square of the velocity acquired in a stone thrown in the air. The most 
falling through that height. The quan- simple observation which we can make 
tity thus obtained is called the vit viva, of the action of the force of gravity is 
force vive, living force, or energy of the the effect of a body let fall from the 
body in motion. hand ; experience teaches us that the 

** We can value the effect of a power longer it continues to fall, 'the more 

in two ways ; for example, if we take forcibly will it strike any obstacle, and 

the case of a man, we consider either by the principles of the preceding chap- 

what load he can support, or what work ter, as the weight of the falling body is 

he can do in a given time. In the first the same, its velocity must increase to 

case the forces are compared with a account for the increased momentum. 

dead force, that is with a force which can The ancient philosophers were well 

equilibrate them — the term arising from aware of these facts, but they did not 

the circumstance that they are destroyed consider the true cause of the motion, 

as soon as they are brought into action, and were led into many vague and sin- 

We have shown, then, that the forces gular ideas about the ca^use of these 

are to one another as the products of apparently irregular movements, 

the masses and the velocities ; in the Galileo was the first philosopher who 

second case we compare them to a living reasoned properly on the subject, and by 

Jbrce, that is to one which would elevate experiment verified his theory of the na- 

a weight to the same height in the same ture of the force of gravity. He allowed 

time ; and it is evident that, in this way a ball to run freely on an inclined plane, 

of esthnating the efiect of a force, the and measured the time it occupied in 

effect is composed of the weight and descending, by the. weight of water 

height f. .... We wish to compare which dropped regularly from a pre* 

together the elements which form the pared vessel during the ball's descent, 

result of the work when the effect of In this way it was found that when the 

machines or movers in motion is re- ball ran down the whole plane in 4 

quired, that is the weight, height, and seconds, it performed but a quarter of 

time. The effect is then measured by the length in 2 seconds, thus showing 

, . weight X height that the spaces described are as the 

the quantity ^^^ , ^ souares of the times ; for suppose the 

wnole length to be divided into 16 equal 

parts, then in 2 seconds the ball will run 

Chapter lY.— Accelerating forces. — down 4 of those parts, or 2 x 2 ?= 4 ; 

Gravity, ajjd to describe the whole length it will 

(44.) Undee the general term accele- require 4 seconds, and 4 X 4, or the 
rating forces are included all those which square of 4 «= 16. the whole length of 
[ the inclined {Hane. 

• See Mechanics, Treatise I., end of Chap. 8. (^^0 The force of gravity, or aHraction 

t Let m= mass, /=fOToe,d«== small •p«cc moved of the earth, was thus proved to be an 

in the small portion of time dt; then m/d*, or mpdp, ^^_ i *• r • -e 

is e<itiai to the eflfect produced in the timed t, and accelerating force ; in uniform motion 

^•j F^cit!' ^^^ "^asL^r^dj- M^h.. f ^« "p-r* «« «» *« «:??« ("t- i »)• but 

Bique,'* p. 300, 5th edit. m Accelerated motion this law does not 
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hold good. In order that a body may larly for all succeeding times of descent, 
move uniformly, it must, as is remarked [See Treatise I. p. 1 1 .] The following are 
above, receive but an impulse, whereas useful rules for finding the time, space, 
the action of gravity is continual, so that or velocity of bodies moving by the 
a body in falling must increase its speed, force of gravity. 

A question here arises as to what velo- 1. Space.^The space described in a 
city the moving body has at any time, given time is equal to the square of tbat 
and how it may be found. The method time multiplied by the space fallen 
which is adopted to discover this pro- through in one second; or, if the velo- 
blem, affords a simple instance of the city and time be given, it is equal to 
principle which enables the philosopher one-half the product of the velocity 
to reduce questions where the circum- and the time; or, if the velocity only 
stances are variable and irregular for be given, it is equal to the square of the 
the purpose of calculation. Let us velocity divided by twice the velocity 
suppose that the body whose velocity acquires in falling for one second. 

we want to find has fallen from A to B, 2. Velocity The velocity is equal to 

fig. 16, and that it then describes the the product of the velpcity acquired by 

Fig, 16, falling for one second and the time of 

falling; or, it is equal to twice the space 
"^^ divided by the time ; or, it is equal to 

the square root of the product of twice 
the space and the velocity acquired by 
falling for one second. 

3. Time, — The time of falling is 
:J equal to velocity divided by twice the 

space fallen in one second; or, it is 
equal to twice the space divided by the 
velocity; or, it is equal to the square 
root of twice the space divided by the 
velocity acquired by falling for one 
mmute space, B a, in a very small space second, 
of time, its velocity during that period (48.) The above rules are continually 

Will be ^ or the minute space divided "^ed in calculating motions caused by 
time the force of gravity, and will often be 
by the time it takes to describe it ; we referred to as we proceed in our sub- 
therefore consider the motion in this ject. The following instances illus- 
litlle space uniform, which is strictly trate their application, 
wrong, because the velocity continually How far will a body descend in 5 
increases; but if B a be a very small seconds? In this question we have the 
space-— a thousandth of a foot for in- time stated and the space to be found, 
stance — the error will be very small, which according to the first rule is equal 
and if B a be still less the error will to the square of the time multiplied by 
also be smaller, we may thus suppose the space described in one second, or 1 6 
it finally to be nothing, that is when a feet, therefore the depth a body will fall 
and B coincide; we then find the ve- in 5 seconds is 5 x 5 x 16 =: 400 feet, 
locity which the falling body has at tlie The question would be very similar if 
point B. we were on the top of a high tower, 
(47.) Bythlsm^hod we may determine or at the edge of a precipice, and wished 
the velocity of motion in all cases. Ex- to know the height ; it would be neces- 
periments have shown that a body in sary to let fall a stone or other heavy 
the latitude of London falls about 16* body and notice the time of its descent, 
feet in the first second of time from the Suppose a stone to be dropped into a 
beginning of motion, and according to well, and after 3| seconds it is heard to 
what its velocity at the end of the first splash in the water, we should find the 
second of time is 16 -)- 16 or 32 feet, at depth to the surface of the water, to be 
the end of the second second it will be 12^ x 16 = 196 feet, 
twicethe last amount or 64 feet, and simi- The rapid increase in the velocity of 
— -— ---; — -r : — any falling body by the action of gravity, 

• This number is not the exact amount. By ex- J* ^ r A. • • /*« °^ ^ 

periments\»ith the pendulum it has betn found that accounts lor the SUrprismg effects pro- 

5J*S?Li?^l?iS'^l°f^°**5*'f^^i?-A?^^*)^, <^"Ged by large hail, which fall from a 
or 16.095 reet in the lirst second. [Sw Mathemaiioai * u • u^ u m .. i_ e i 

tihutraHmu,^ great height. Hailstones have frequently 
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been seen of a considerable weight; in goTem the motion of a heavy body 

the Orkney Islands, in the year 1818, a placed upon an inclined plane, 

hailstorm occurred, when the hailstones (61 •) If we place a ball on an inclined 

were of four ounces weight and up- plane, we find it descends in a time and 

wards ; one of them descending from a acquires a Telocity varying with the 

height of 2000 feet would acquire a ve- length and height of the plane. Sup- 

locity of ^2 X 2000 x 32 s 359 feet pose A B,^. 17, to represent the in. 
per second, and strike any body with as 

much force as a ball of iron weighing ^ig' 17* 
about 11^ lbs. falling through the space 
of one foot. 



CHArTEE V. — Motion on the Inclined 
Plane* — Motion on a Curve, — Pn'fi- 
ciplet of the Pendulum and its Appli" 
cations. — Compensating Pendulums. 

(49.) The constant force which is af. 
forded by gravity may be made subser- 
vient to useful purposes, not only by its 
direct action on any body capable of 
moving freely, but by mechanical arrange- 
ments its eflfects may be varied to a cer- 
tain extent, so as to produce any required 
result. One of the most extensive appli- 
cations which is made of the force of 
gravity is the production of horizontal 
motion by means of the inclined plane ; 
on an incline the railway train readily de- 
scends without the assistance of the loco- 
motive engine ; at Newcastle an inclined 
plane is used to transport the excavated 
coals from the mines to the vessels. In 
this case the application is ingenious; 
for as the train of loaded waggons de- 
scend, by their weight they draw up a 
train of empty waggons, whose contents 
have been transferred to the colliers; 
these waggons are filled, and in descend- 
ing draw up the first-mentioned train, 
which has been disburdened of its load 
during the interval. Also the properties 
of motion in a curved line, which may 
be considered as composed of a number 
of planes varying in their inclination, 
produced by the same force, furnishes 
us with that most important instrument 
the penduluiif), whose applications are 
at once useful and astonishing. 

(50.^ In a former treatise on mecha- 
nics, the equilibrium of inclined planes 
was considered ; in that case the forces 
were required to produce rest, but in 
the present. view of the subject the op- 
posing forces in practice, which are fric- 
tion and the resistance of the air, are 
supposed unequal to the force of gravity 
acting on the body, which will therefore 
descend along the plane. Our purpose 
is therefore to observe the laws which 



clined plane, with the ball h on its sur- 
face, we can find, by geometrical con- 
struction, what amount of force urges it 
down the plane; draw the line 6 a of 
any length, so that it may represent the 
force of gravity acting in a vertical 
direction, similarly draw 6 c at right 
angles or perpendicular to the plane 
A B, which will represent the resistance 
of the plane, and a c parallel to A B ; 
then a c will show both the relative 
amount and direction of the force pro- 
ducing its motion towards B. The tri- 
angle a b c IS similar to the triangle 
ABC, and their sides therefore are in 
the same proportion, consequently b a 
is to a c as A B to A C, and we may 
use the line A C to express the accele- 
rating force acting down the plane in- 
stead of the line a c ; the line A C is 
the height of the inclined plane, and 
A B its length, whence we may say that 
the force on the inclined plane is to the 
whole force of gravity in the proportion 
of the height of the plane to its length. 
For instance, suppose the length A B 
to be 20 feet, and the height A C 10 
feet, the accelerating force on the plane 
would be as 10 : 20, or i^ths, or ^; that 
is, the force producing the descent of 
the ball b upon it is \ that of gravity, 
and it would move with a velocity ac- 
cording to this amount of force. Also, 
if it were required to draw a body up 
the plane, a force greater than the pro- 
portion of A C to A B must be used. 

(52.) From this determination of the 
force acting along an inclined plane, 
we may find the time of descent, and the 
velocity acquired during the descent, of 
any body placed upon the plane. With 
the assistance of the rules of the free 
descent of bodies by the force of gravity, 



MECHANICS. 



15 



we deduce the following rules for the time 
and Telocity. 

1. The tifHe of descending down any 
inclined plane is equal to the square 
root of twice the length of the plane, 
diTided by the ratio of the height to the 
length of the plane. 

2. The velocity acquired in descending 
any inclined plane is equal to the ratio 
of the height of the plane to its length 
multiplied by the force of gravity and the 
time of descending. Or, it is equal to the 
square root of twice the length multiplied 
by the ratio of the length to the height 
of the plane and the force of gravity. 

Suppose we required to know the time 
a body would take to descend an inclined 
plane of the same proportions as before, 
namely the height being 10 feet, and the 
length 20 feet. By the first rule the time 



IS— 




=V Jg = v^2i a linearly. 



The velocity acquired may be obtained 
by the first rule for the velocity, whence 

it is 20 X 32 X IJ = 24 feet per se- 
cond. 

(53.) We have supposed the body 
descending to roll, because the friction 
of sliding under ordinary circumstances 
would be very' considerable. Otherwise 
the body should slide ; for when rolling, 
the motion is not so rapid as when 
sliding. A rolling body descends in 
consequence of its centre of gravity 
tumbling over and over; and two mo- 
tions are given to it, one of progression 
down the plane, and another of rotation 
about its centre. (^See chap, vii.) 



that it descends an inclined plane may 
be found by a simple geometrical relation. 
As the ratio of the height to the length 
is proportional to the force acting along 
the plane and the force of gravity, the' 
lines become measures of those forces. 
In any circle, as A C B D, J!g. 18, 
draw a diameter, A B, and the lines 
A C, C B ; then the force acting along 
A C is to the force of gravity as A C to 
A B ; and if a body move from A, it will 
arriye at b in the same time that itwould 
have fallen freely to a, or to C in the 
time it would have reached B. The 
same may be said of any other h'ne 
drawn from the point A to the cir- 
cumference, as AD or AE. In the 
latter case the difference of the spaces 
described, A E, A B, will be very small, 
in consequence of the near approach of 
the line A E to the perpendicular. A 
body would also descend along E B in 
the same time that it would fall from 
A to B. In the figure the lines A C, 
A E, AD, and £ B, are the chords of 
the arcs, A C, A C E, A D, and E B, 
and A B is the diameter of the circle ; 
therefore the time of descent of a body 
down any chord of an arc is equal to the 
time it would require to descend through 
the diameter of the circle ; and also that 
the times of descent down all the chords 
are equal. This may be verified experi- 
mentally by attaching smooth planes of 
wood to a circle, as in Jig. 1 9, forming 
chords, and meeting near the lowest 
point B of the circumference. If 
balls be placed on these planes, as at 
A C D E, and allowed to descend 
simultaneously, they will reach the bot- 
tom at the same time. 





(56.) In applying the principle of the 
inclined plane to useful purposes, it is 
(55.) The space through which any necessary to take into consideration the 
body will move freely in the same time velocity required in a descending body, 



/ 

• 


\ 

• 
• 


^ '^ 


v/ 


V 



16 MECHANICS. 

or the force which is applied to drag purpose of measuring time by means of 

any body up an inclined plane ; for un- the pendulum. In this beautiful instru* 

necessary wear and tear of the parts of ment the force constraining the bob or 

a machine may take place unless there ball to move in a circular arc b the pen- 

is a proper proportion between the effect dulum rod, which, for the purpose of 

retired and the forces brought into investigation, is supposed to possess no 

action. Friction, also, and the resist- weight. We shall therefore, at first, 

ance of the air at great yelocities have consider the nature of the motion of a 

to be compensated. simple pendulum. 

Suppose it were required to find the «. ^^ 

number of horses necessary to pull a ^* 

cart, whose weight, with its contents, is ^ 

9000 lbs., up an inclined plane 500 feet x'"" * "" s. 

long and 50 feet in height, at the rate 
of two and a half miles per hour. Ac- 
cording to some authorities, a horse can 
draw 3000 lbs., or with a force of 200 
lbs., at the rate of two and a half 
miles per hour. In consequence of the 
inclination of the road, the force of 
gravity pulls backward* acting as an ad- 
dition to the load, and is equal to the 
force urging the cart down the incline; 

50 . B 

therefore ^Q^^-fc; that is ^ of the If we suspend a ball by a very fine 

, , „ , , , , thread, and allow it to vibrate, its mo- 
load, or 200 lbs., would be the pressure tion, whether through a large or small 
acting on the load ; and as a horse pulls arc, appears to be performed in an equal 
with that force, two horses would be time; this, however, is found not to be 
recraired to pull the cart up the incline, the case. It may be easily shown that 
To find the power of a steam engine the times of descent of a pendulum, 
necessary to draw a railway train up an under such conditions, is not equal. 
!ncline,a similar calculation may be made. Suppose the simple pendulum A B to 
On a railway a force ofaboutO lbs. will oscillate in the arc CD, the time of 
move a ton weight; and if the heaviest performing an oscillation is equal to the 
train be 100 tons, it will require, on a square root of the length of the pendu- 
level, a force of dOO lbs. to move it. If jum, divided by the force of gravity, and 
the incline be 1000 feet long, and 10 feet multiplied by the ratio of the drcum- 
high, or, as it is termed, a gradient of 1 ference of a circle to its diameter. Sup- 
in 100, the accelerating downward pres- pose the length of the pradulum were 
sure wiU be i^ that of gravity ; conse- 39.14 inches, and the force of gravity as 
quently the load will be increased by before, 32 feet (art. 47.) ; the ratio of 
the lb of 100 tons, or 1 ton. Thus the the circumference lo the diameter of a 
whole load to be drawn up will be 101 circle is 3.1416 nearly to 1 ; then to 
tons, and the force required 909 lbs. find the time, in seconds, of oscillation 
The engine must therefore exert a free of this pendulum, we have, by the 
force of above 909 lbs., or 4^ horses ■ 

power. above rule, 3. 1 416 V—— =« 1 " nearly, 

(57.) What we have said of motion 32 

on an inclined plane may be applied which would be true if the accelerating 

also to motion along a curved line. If, force were equal in all arcs which the 

however, the curve be circular, as is pendulum might describe. It is, how- 

generally the case, it is found that the ever, as the sine of the angle B A C, or 

times of descent of any body, and also the line b C ; and the time of describ- 

the accelerating ibrce at eveiy point of ing any arc increases as 6 B increases, 

the descent are not equal, as is the case which it evidently does as the arc of 

with the chords of the arcs of circles. vibration increases ; and to find the real 

(58.) The principal feature of interest time of oscillation, we must multiply our 

in the examination of ordinary cur- former sum by this quantity. In arcs of 

vilineal motion, is its application to the a few degrees, 6 B, or as it is called, the 
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versed sine of the angle B A C, is a 
very minute quantity ; if the pendulum 
vibrates in an arc of 5° on each side of 
the vertical or lowest point B, the 
versed sine b B of 5° is little more than 
.0038 of the radius A B, or the length 
of the pendulum ; supposing the arc to 
decrease, it will also decrease, and finaOy 
may be considered as nothing. 

(59.) This, however, is but an ap- 
proximation towards the truth ; and 
mathematicians have been led to in- 
vestigate the form of curve required, in 
order that the times of descent in all 
arcs may be equal. The celebrated 
Huyghens solved this problem, and 
found the required curv6 to be a 
ct/cloid. This curve may he drawn by 
placing a point or pencil on the cir- 
cumference of a circle, so that it may 
delineate a curve as the circle travels 
along a plane. In the following figure 

Fig, 21. 




the point C, on the circle CDF 
moving along the straight line A 6, will 
describe the curve B C Q A, vwhich is 
called a cycloid; thus a point on the 
circumference of a carriage- wheel, when 
running along the road, describes the 
cycloid curve. Here the accelerating 
force, acting on a pendulum at P, is to 
the force of gravity as PH to PL; 
because the ball P is evidently moving 
in the direction P L at the instant it 
reaches P, and is therefore treatable 
according to the laws of bodies de- 
scending inclined planes ; or, as the 
triangle CD/} is similar to the triangle 
CpO, which is evidently similar to the 
triangle P L H, we may say that the 
force acting along the curve at P is to 
the force of gravity acting freely, as Cp 
Is to C D. This may be observed in 
any position of the pendulum, as at Q, 
. where the ratio is as C ^ to CD. We 
observe that the lines P L, Q R, which 
represent the directions in which the 
ball is moving when at the points P, Q, 



are parallel with the chords drawn in 
the generating circle D/> C, whence 
the laws of descent down the arcs of 
circles (art. 55) apply also to the cycloid. 
The two halves A S, S B, of a cycloid 
are placed as seen in the figure in order 
that the pendulum bob may describe a 
cycloidal curve. 

(60.) Although a pendulum moving 
in such a curve is isochronous or equal- 
timed in its vibrations, yet it is used 
merely to illustrate the fact ; in practice 
it would be most inconvenient to make 
a pendulum- vibrate in a cycloidal arc, 
and the common pendulum is therefore 
used as the only practical method of 
measuring time. Its error, as we have 
seen, is reduced as we lessen the arc of 
vibration ; and it may also be observed 
that there is no material difference be- 
tween the curve of the circle and that 
of the cycloid for a little distance on 
each side of the point C; we shall 
therefore consider the times of oscilla- 
tion in small arcs as isochronous. 

(6 1 .) The length of a pendulum which 
shall oscillate in a second of time may be 
easily found from the relation which has 
been shown to exist between the times 
of descent down the arcs of circles and 
their diameters. In art. 58 it was said 
that the time of an oscillation of a simple 
pendulum was equal to the square root 
of the length of the pendulum divided 
by the force of gravity, and multiplied 
by 3.1416. ' From this the length of the 
pendulum required to beat seconds or 
any other given time may be calculated; 
for if we square the whole sum, we have 
the square of the time = (3.1416)* x 
length of pendulum , , , , ^ 

■~ aseTnih^S — ' ""* ^■^^ ^''"^^ "^ * 

pendulum will therefore be equal to 

386 inches X (time)* „ i. • 
~ /Q |j.ifi'\a • ^' ^"® time be 

given, as 1 second, its square is also 

1, which will not multiply; therefore 

the length of a pendulum which shall 

386 inches 
beat seconds is = — gg= = 39.12 

inches, which is very near the true 
amount. A more accurate determination 
has shown that the length required for 
a pendulum to beat seconds in the lati- 
tude of London, is 39.138 inches. 

(62.) The length of a pendulum neces- 
sary to beat half-seconds, or any other 
time, may be found in a similar manner ; 
for it will be seen in the above calcu- 
lation, that the only quantity which 
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chan.^es its value is the length of the By the third rule may be found the 

SduluJ^ the figures 3.1416 and 386 alteration necessary m the.length of any 

Suing constat ; consequently the pendulum when the clock is found to go 

Lw oHscXion varies aTthe square too fast or too slow; the number of 

ro"t of tl^ len^h of the pendulum, oscillations over or under the proper 

The fo lowL arf useful rulesV- amount made during the day must be 

Th^Ungth of a pendulum requisite noticed, when we have the elements for 

to vibrate i^fny particular time i?found calculation. Suppose a c^ock loses 20 

brmukKng the square of the time by seconds n a day, the pendulum is evi-. 

the forcb of gravity and dividing the dently a bttle too long ; then 

productby the sauareof3.1416(or9.87). 2 X 39. 13 8 X ^0 _ qqiq ^f an inch, 

2. The time of oscillation of any pen- 86400 

dulum may be found by dividing its length ^^.^^ .^ ^^^^ ^^^^^ y^ ^l^j^l, ^^^ pg„. 
by the force of gravity, tdcmg the square ^^^^^ ^^^^ ^^ shortened. In ordinary 
root of the quotient, and multiplying by pg^j^i^^g ^^^ position of the bob is 

3.1416. »_ # J * regulated by a nut and screw, the size 

3. If a seconds pendulum be found to ^^^^^^^ ^^^^^^^ ^^ ^j^j^^ ^^ ^^^^^^ ^^^^ . 

gain or loie any number of seconds per ^y^^^^ ^re 100 threads in an inch 

day. the correction in ength required ^^^^^^ ^^^^^ ^j^^ ^J^^^^ ^^ ^^^j^ ^y^^^^ 

may be found by multiplying twice the ^.^ ^jj^^^fo^^ ^e .01 of an inch. Then 

length of a seconds pendulum by the ^ .^ 

observed number of seconds which the '2^111 = i of a turn of the nut. will cor- 

clock has gained or lost during the day, 01 

Seconds, we can use the first rule, not vibrate seconds except on the bti- 
seconas, r,^ ^^^^ ^^ London; at Leith a vibration 

whence it is ■ ^ '^ ^ ^^ = 9.7 would be performed in 0".99997, and at 

9.87 Jamaica in 1".0303. Again, if the same 

inches, nearly; a simple pendulum of this pendulum be carried down the mine at 

lengthwould therefore vibrate twice in Dolcoath, in Cornwall, which is 1050 

every second of time. A pendulum vi- feg^ below the level of the sea, a vibra- 

brating once in the course of several ^q^ would occupy but 0".99995 ; while 

seconds would have to be of a most un- ^n the summit of Mont Blanc, which is 

wieldy length; thus to vibrate once in 15,730 feet above the level of the sea, 

a minute, the length must be it would take 1 ".000753 to complete an 

60 X 60 X 386 _ 14^79 '^^^y^^^^ or oscillation. Thus w« find that there 

^§"89 " * ^'® circumstances which it is necessary 

1 173^ feet nearly. to consider in our calculations of the 

' The following lengths of pendulums lengths of pendulums at different places 

are ffiven from accurate calculations :— on the surface of the earth, and at dif- 
are given ^^^^^ ^^^^^^ ^^^.^^^^^ ^^^^^ ^^^^ j^^^j ^^ ^^^ 



r«^ •!_ A • 1 2 44616 ocean. 

To vibrate »» | ' ' * " 9;78465 (64.) We will first notice the cause 

" I ! 39.13860 o£ the variation in time observed at 

" 2 ' ' * 156!65544 different elevations. It was remarked 

" ,,'**' ^.* „ 1 ^„ in chap. IV., that the force of gravity 

The second rule can be "sed^^en j^ced a velocity of 32 feet in a body, 

we have a pendulum of any length, and r ^^^ ^^^^ ^^^^^^ ^^ ^^^^ ^4 j„ ^^^^ 

wish to know the time of its oscillation ^^^^^^^ ^^^ ^^^^ 33 j^uHipiied by the 

as compared with a seconds or other ^^^ ^^ ^^^^. ^^^^^ , ^^^^ ^^^ ^^j^^ 

pendulum. ?«' '"^taiice, suppose we This is not stricdy true ; for the 

have a simple pendulum 10 *eet U^O j^^ ^^ ^y^^ force of attraction or gravita- 

inches) long, the time it wiU occupy ^^^ .^^ ^^^^ .^ ^^^^^ inversely as the 

in making ah oscillation is— square of the distance from the centre 

,.,^ / 126 _ Kiw np«rlv of attraction. This may be shown by 

3.1416 X ^ ^g-y-^ — ^4 » nearly. ^^^^^ ^^ ^^^^ foUowing diagram. If any 
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Fig, 22. (65.) Tills circumstance is sufficient 

to show the necessity of attending to 
the height above the level of the sea at 

» ? f ? which any pendulum is used, in order 

i- i" A 'Is that its length may be adjusted. This 

can be easily effected by the following 
simple rule : — Multiply the height of the 

body be placed on the circumference of pendulum above the level of the sea by 

the circle, as at 1,^. 22, and it be the number ofseconds in a day (86,400"), 

attracted with a force of 100 lbs., it and divide the product by the radius of 

would be attracted with a force of J of the earth (3965 miles), which will give 

100 lbs., or 25 lbs., at the point 2, or the number of seconds lost in a day. 

twice the former distance from the Knowing the number of seconds, we 

centre ; and at the point 5 with a force can apply the rule given in art. (62) to 

of 4 lbs. In considering the fall of find the amount of alteration required in 

bodies on the surface of the earth, there the length of the pendulum. This cor- 

is no occasion for introducing this into rection amounts to a considerable quan- 

our calculations, as the space through tity at some places on the globe which 

which any body falls is generally so very are situated at ereat elevations. The 

small compared with the radius of the beautiful city of Quito is situate on 

earth. We do not ordinarily require to the Pinchincha mountain, amongst the 

find the velocity of a body falling from a immense range of the Andes, in South 

height of one mile; yet, even at this America, at the great elevation of nearly 

considerable elevation, the variation in 9500 feet, or 1^ mile above the level of 

the accelerating force would' be but the sea : a pendulum beating seconds in 

small, as we may easily determine from that latitude, at the level of the sea, 

the proportion above mentioned. The would, if taken up to this city, lose in 

radius of the earth, or half its mean QA^nn v i q 

diameter, is 3965 miles, or 20,898,240 one day ??irr ^ il? = 3# seconds, 

feet; and, for a distance of one mile 3965 

above its surface, we must add 5,280 (fi^*) The other cause of variation is 

feet, whrch is equal to an English mile, in consequence of the pendulum vi- 

making the sum of 20, 903,520 feet. The brating in, different times on different 

squares of these sums being taken, we latitudes. In the instances mentioned it 

have the following inverse proportion: — was shown that the pendulum vibrates 

20,903,520^ : 20,898,240' : \ 32.19 : faster the nearer it is to the poles of the 

the force of cravity at the distance of earth ; for at Jamaica, London, and 

one mile above the level of the sea. If Leith, it makes a vibration in the re- 

this be calculated, it will be seen that the spective times, r'.030, 1".000, 0".999 ; 

accelerating force is 32.12 feet, nearly, and the latitudes of these places are 

Although this difference is not worthy 18° 0' 0\ 51° 31' 8^ and 55° 58' 37", 

of consideration when we are engaged in all north of the equator, which leads to 

investigating the fall of bodies freely or the conclusion that the rapidity of vibra- 

on incL'ned planes, we are obliged, to tion increases from the equator to the 

take it into account in the construction poles. 

of pendulums. It is not that the error (67«) Thecauseof this increasing rate 

occasioned by neglecting it would be ma- of vibration is the same as that which 

terial in one or two vibrations ; no effect affects the motion of the pendulum when 

would be observed in so small a time ; it is removed to a considerable height 

but there is a little error in each oscil- above the surface of the earth, namely, 

lation, which, after a considerable time, the varying force of attraction to the 

becomes very perceptible. If, for ex- centre of the earth ; hence we may 

ample, a seconds pendulum took 1".001, readily infer that, in approaching the 

or a second and one-thousandth, to make poles of the earth, we also approach a 

a complete vibration, after the lapse of a little nearer to its centre. From this 

day, it would be found that the clock to remarkable circumstance^ therefore, an 

which it was attached would lose about idea might be formed of the true figure 

86", or nearly a minute and a half; a of the globe we inhabit, and we might 

very noticeable quantity, although the find the flattening, as it is sometimes 

error in one second could not be de- termed, which occurs at the poles. The 

tected. ' pendulum has been applied with great 

c 2 
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success to this singular and interesting in motion, is suliject to the resistance of 

problem ; scientific men have visited the air, which affects the regularity of 

different parts of the earth, and mea- its moTements in a small degree, al- 

sured the intensity of gravity by the though this is not comparable with the 

rate of a pendulum's motion, and af- powerful effects of temperature. All 

forded materials for calculating the figure substances are subject to an alteration 

of the earth with considerable accu- in dimensions under a change of tem- 

jracy. From these observations rules perature ; when the change is not very 

have been established for finding the great, the alteration cannot be perceived 

lengthof a pendulum to beat seconds op by the eye, or even measured by the 

different latitudes ; it may be found from common methods of admeasurement; but 

the following proportion r— The square the pendulum soon makes apparent any 

of the number of oscillations made by a variation in the length of the rod by a 

pendulum in a day is to the square of change of a few degrees of temperature, 

the number of oscillations made in a day It becomes, then, a matter of importance 

at the place in question as the length of to investigate the effects of these different 

an adjusted seconds pendulum is to the disturbing causes, in order that they may 

length of the pendulum which shall be compensated. 

vibrate in one second at the place (69.) The weight of the pendulum 

required. If tlie adjusted seconds pen- rod influences the time of vibration, in 

dulum be that of the latitude of London, consequence of a property of bodies 

the rule is—- the length required at any moving about a fixed axis to have a cer- 

other latitude =s tain point when in motion called the 

Qo 1 QQ .. (No. of vibrations madethere)« f^n^f of oscillation-that is. a point in 

39.138 X 7^= ^r-TT — : s 5 — h the length of the vibrating rod, where, 

(No. of vibrationsat London)^- jf j^^ ^^^j^ ^^^^ ^^^^ collected and sus- 

An illustration of this rule may be pended, as in the case of the simple 
taken from the observations made some pendulum, an oscillation would be per- 
time ago for^he purpose of finding the formed in the same time as it will in the 
force of gravity at different places on the real condition of the rod ; therefore the 
earth's surface. It was observed that, distance between the centre of oscillation 
at London, a pendulum made 86061 and the point of suspension is the proper 
oscillations in 24 hours; the same in- measure of the length of a pendulum, 
strument made 86079 vibrations in the The calculation of this important parti- 
same time at Leith, in Scotland ; then cular will be shown in chap. vii. With 
to determine from these data the length respect to the resistance of the air, it 
of a pendulum which shall vibrate in a may be neglected as inappreciable in 
second at Leith, we have the following ordinary instruments, the bob being flat- 

/QfiOjq\9 tened so that it cuts the air, and presents 

calculation :— 39.139 X ■ °-^)^4 5 ^y ^^^T 1»"*« surface for its action. It is in 

(86061) ji^g j^jjg^ delicate instruments only that 

this it may be found that the length re- this resistance is at all perceptible, 

quired is about 39.155 inches; so that (70.) The effect of a change of tem- 

an increase in length of .016, or ^ of an perature on the pendulum being of so 

inch, must be given to the pendulum serious anature the subject has received a 

which is adjusted on the latitude of preat deal of investigation. Many plans 

London. Tnis is a very small quantity, have been propos^ and used for the 

though it may be seen that, if this cor- purpose of compensating this cause o( 

rection were not made, the clock regu- error. In the ordinary clock pendulum 

lated by such a pe'ndulum would gain we have the following construction: — 
rather more than 17^ in the course of The pendulum rod A, Jig. 23, is a steel 

a day. or iron wire, of about 40 inches in length ; 

(68.) We have been speaking hitherto at its upper end it is supported by a steel 

of the simple pendulum, which is sup- spring B, which allows it to vibrate 

posed to be a heavy bob or ball attached freely ; and at the lower end is placed a 

to a weightless string or wire ; this, bob C, through which the rod passes, 

however, is not the instrument for prac- This bob is adjusted and kept in its 

tice. All pendulums have a rod or wire place by means of a nut D, working on 

of considerable weight, which destroys a screw which is cut on the rod. When 
the necessary characteristic of the simple the height of the bob C is adjusted so that 
pendulum. The pendulum, also, when the centre of osciUation of the whole is 
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39.198 inche* Trom the point of Fig. 23. 
siwpenunn, the pendulum irill 
vibnUe once ereiy second. 
Such a pendutiUD, hoirever, U 
subject to yuy in its rate I'roin 
the cause we are now consider- 
ing; for the rod A will become 
langet or iboicer according as 
the temperature of the air in 
which ie It pieced increases 
or decreases. It has been 
found, trom accurate experi- 
ments, that a steel rod will ex- 
pand .0000068596, or n^„. of 
Its length. Tor exetydegtee of in- 
creasing temperature! thus a 
rod of the length of a seconds 
pendulum will expand .000248 
of an inch nearly, for an in- g'M C 
crease of one degree of tem- ^V 
perature ; and as the tempera- ■ ^ 
ture of summer is about 30° above 
that of winter, the pendulum rod 
L inch longer in 



*^ daily 
dulum were adjusted in tne winter, in 
constructing a pendulum which shall not 
be liable to this irregularity, as we can- 
not by any means prevent the linear ex- 
pansion of the rod, we must create a 
counter expansion, so that the centre of 
oscillation may remain constantly at 
the proper distance from the point of 
suspension. Of the various methods 
adopted to obtain this corrective ex- 
pansiqp, the following illustrations will 
exhibit SMne of the most simple and 

Mr. Graham, a chronometer maker, 
was the first to construct a compen- 
aating pendulum. In pursuing his in- 
quiries, he came to the conclusion that, 
owing to the saiall expansion of metal 
rods, the compensation could not be 
effected by them ; he then tried mer- 
cury, and brought out that beautiful 
instrument which is known as the mer. 
curial pendulum. It was the first ever 
constructed, and remains the most per- 
fect compensating pendulum at present 
in use. The following figure exhibits a 
form rf it, the whole length of the rod 
not being shown in the figure. The rod 
R is of steel, suspended by means of a 
spring I, and carries a small sliding 
weight S, to effect a final adjustment 
of the centre of oscillation when all the 
other parts are arranged. Its length is 
about Si inches, its lower part being 



made a screw to carry the stirrup 
ABDH, which is fixed in ils proper 
position by the two nuts N N. The 
height of this stirrup between the top 
and bottom is about t) inches ; the base 
D H being made to receive the glass 
cylinder C Y, which is covered by the 
cap E F, holding it so as to prevent 
lateral motion. In this cylinder a quan- 
^ty of mercury is placed, whose surface 
is indicated at A A, sufficient, by its ex- 
pansion, which must of course be up- 
wards, to compeitsate for the downward 
expansion of the rod and stirrup. A 
fine pointer W is fited underneath the 
Stirrup, to show the arc of vibration 
upon a scale placed behind it when 
mounted- 
Soon af^r the mercurial pendulum 
was made, Mr. Harrison tried to effect 
a compensation with metal bars, and 
succeeded in forming the instrument 
which has been called, from its appear- 
ance, the gridiron pendulum. This is 
represented in fig. 25, the rod R being 
of steel, fixed at Its lower extremity to a 
cross-piece, upon which rests two brass 
rods. These support another cross-bar 
ab, which holds up two rods of steel, 
as shown by the dark lines, sustaining 
the cross-bai cd, which forma the sup- 
port of the bars of brass ca, db; the 
uppermost cross-bar is fixed upon these, 
carrying the steel bars A C BD; to the 
bar C D, joining these rods, the bob la 
attached. The upper cross-bars are not 
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found to be impervious to moistur«. 
Thii is a most indispensable coadition, 
for the absorption of the moisture 
contitiualty floaliog in the atmosphere 
would deprive the rod of its fitness 
for the purpose of a pendulum. The 
compensation required for the small 
eipwnsJon of this rod is effected hy a 
cylinder of line A B (Jtg. 27)- la 



Fig. 27. 



fixed to the rod R, which, when it ex- 
pands, pushes down the small lower 
cross-bar ; but the brass rods resting 
upon it expand upwards and carry the 
bar 06, and similarly with the remaining 
parts, the lengths being first arranged 
that the expansions both upwards and 
dowDwards nuy be equal. 



n of M. Martin, a clock-maker. 
The peculiarity consists in having a com- 
pound bar, A A (j^, 26), of brass and 
steel, fixed upon the pendulum rod, 
which carries two slidiug weights BB. 
When the temperature increases and 
lengthens the rod, it also expands the 
compound bar, in which the brass is 
below the steel bar; and as brass ex. 
pands more than steel, the whole bar 
will become curved as is represented in 
the figure, lifting the weights, and con- 
sequently effecting the compensation. 
With this instrument M. Biot made 
astronomical observations for the space 
of a year, without discovering any error 
consequent on the expansion of the 
materials. 

Captain Kater describes a pendulum 
which he constructed, the rod being of 
nliite deal, a substance little affected by 




the larger figure the arrangementa of 
the compensation are shown : the lower 
part of the wooden rod R is cut of a 
smaller size to allow the zinc tube to 
slide upon it ; at the extremity of the 
rod a brass cap 1 is fixed, carrying a 
screw. The zinc tube is about 7 inches 



attached to the lower end to receive the 
screw B, which regulates the position 
of the tube. This screw is hollow, to 
allow the small screw on the rod to pass 
through it and carry the nut N. By 
this nut the height of the zinc tube and 
bob on the rod is regulated, as the bob 
W rests upon the top of the zinc tube 
at A. The expansion of the deal rod R 
is therefore neutralised by the upward 
expansion of the dnc tube which carries 
the bob. 

(71.) The principle upon which the 
pendulum acts is one of the greatest im- 
portance with respect to all maci ' 
but more particularly when they ai 
tended for rapid motion. ' ' ' 



MECHANICS. 



2a 



dency of a body to settle in a position 
'wherein its centre of gravity is lowest : 
such a state is called stable equilibrium. 
Many objects in nature and art exhibit the 
properties of pendulous motion, although 
there may be no likeness in form to the 
pendulum. Those curiosities of nature 
in different parts of this country, which 
have sometimes been ascribed to the 
labours of the Druids — the rocking 
stones — afford instances so curious as 
to call in the aid of imagination among 
the unphilosophical to explain their 
origin. Standing on a very small base, 
an enormous mass of rock, weighing 
many tons, can be made to oscillate by 
the exertion of one or two persons, ana, 
after a few vibrations, it returns to its ori- 
ginal state of rest. In machinery, unless 
the parts of a machine be arranged with 
a strict regard to the conservation of 
stable equilibrium, in whatever circum- 
stances the machine may be placed, 
great irregularity of motion may ensue 
when the machine is at work. It is 
then that all defects of construction 
show themselves most plainly. The 
motion of a carriage or engine on a 
railway supplies an illustration of these 
remarks. The distance between the 
flanges or guards of the wheels is 
always less than the distance between 
the rails, to allow of free movement; 
and when at considerable velocities, the 
engine or carriage may be observed to 
oscillate between the b'mits thus allowed 
with great rapidity, causing a vibratory 
motion, both horizontally and vertically, 
in the carriage, as the centre of gravity 
is above the wheels, and the force exerts 
itself on the flanges pushing against the 
rail ; consequently the centre of gravity 
of the carriage, and the carriage itself, 
has a tendency to turn over. This is 
a particularly important point, because 
the rapidity of these vibrations increases 
as the square of the velocity at which 
the carringe moves. From this we learn 
two most necessary precautions — that 
the centre of gravity, or the carriage 
itself, should be as near the ground as 
possible; and that the wider the base 
on which the carriage rests, the more 
steadily and safely will it move. 

Chapter VI. — Motion of Projectiles.^ 
liesistance of the Air to Bodies moving 
through it. 

(72.) Free motion, in a line not perpen- 
dicular to the earth's surface, is pecu- 



liarly aflected. If a stone be thrown 
into the air, not perpendicularly, we 
may notice that it does not move in a 
straight line. At a short distance from 
the hand it commences to describe a 
curve, in consequence of the action of 
gravity, which finally draws the stone to 
the ground. This result, however, may 
be seen, upon a little reflection, to arise 
from the nature of the forces in action. 
In the first place an impulse is given to 
the stone, communicating an amount 
of uniform motion which it would for 
ever retain ; but the instant it leaves the 
hand, the force of gravity acts upon it : 
this force, according to the principles 
already given (art. 45), will continue to 
urge the body from the direction of mo- 
tion first given, and finally overcome. 
This subject is called the Theory of Pro- 
jectiles : by means of the rules which it 
establishes, the calculation of the dis- 
tance which a projectile would be thrown 
by any force, and the time of its flight, 
would be very simple were it not for one 
circumstance, which, when the theory 
is applied to practice, fails to give a 
true result. The theory does not con- 
sider that the projectile has to move 
through the air, which is a powerfully 
resisting medium when bodies move ra- 
pidly. We shall, in the present chapter, 
consider the laws of projectiles, and the 
resistance of the air to moving bodies. 

(73.) A slight observation is sufficient 
to show that the curve line formed by a 
body moving freely in the air is not part 
of a circle. An inclined fountain ot 
water affords a good illustration, as the 
water forms a continuous line. The 
curve thus traced in the air is called a 
parabola, one of the conic sections ; and 
every body, unless projected perpen- 
dicularly, will move through the air in a 

Fig, 28. 




parabolic path. Fig. 28 shows one form 
of the curve in which the projectile 
moves from the point A, in the direction 
of the line A N ; but gravity, after some 
time, prevents further upward motion, 
and the body describes a similar curve 
downwards to E. 
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(74.) B^ calculation the following is not known, it may be easily found by 

rules are found to determine the range the perpendicular height which the body 

and time of flight of a body projected at will attain Inr the action of the given 

any angle of elevation N A E, DC being force ; for, from the nature of gravity, 

called the height, and A E the range. the velocity which must be impressed 

1. The range of a projectile is equal upon any body, to make it ascend to any 
to the product of the square of the ve- height, will be equal to the velocity it 
locity of projection, and the *sine of would acquire in falling down that height, 
twice the angle of elevation, divided hy The preceding rules may then be used as 
the force of gravity. follows :-^ 

2. The time of flight of a projectile is 1. The range of a projectile is equal 
equal to the product of twice the velo- to twice the height to which it would 
city of projection, and the sine of the ascend perpendicularly by the action of 
angle of projection, divided by the force the given force, multiplied by the sine of 
of gravity. twice the angle of projection. 

In these rules the velocity given to 2. The time of flight is equal the 
the projected body and the angle of ele- square root of twice the height to which 
vation or projection are supposed to be the projectUe would ascend perpendicu- 
known. The calculation of any parti- larly by the action of the given force 
cular case becomes very simple with the divided by the force of gravity, the 
aid of logarithms, in using which the square root, thus obtained, being multi- 
rules are as follow :-^ plied by twice the sine of the angle of 

The log. of the range s= log. of square projection, 
of projectile velocity 4- log. sine of twice Thus, if a force is used which can 

the angle of projection — log. 32. impel a ball a perpendicular height of 

The log. of the ^fW of flights log. of 10,000 feet, the range at an angle of 

twice the velocity of projection -|- log. projection of 45° would be 20,000 x 

sine of angle of projection — log. 32. sin. 90°; but the sine of 90° is equal to 

Thus, suppose a cannon-bidl to be radius, which is considered as unity; 

projected with a velocity of 2500 feet therefore, 20,000 feet will be the rax^e» 

per second, the angle of elevation or and the time of flight 

projection being 30 degrees. Then, the 

range which the ball would have, by /??»??? x 2 y — • 

the laws of projectiles, may be found by ^\/ ~82 >/2 ' 

the following calculation : — 

the latter fraction being the length of 

Log. 625,000 = (2500)* . . . 6.7958800 the sine of 45°; upon calculation it will 

Log. sm. 60° • , 9.9375806 be found that the time is nearly 35 

Log. 32 115051500 ^ ^T^') '^^^ pafabolic path of projected 

bodies was first demonstrated by Gahleo, 

Log. range == 169,140 feet . 6.2282606 ^^^ >&> ^ ^® ^^^ s^en, easy to deter- 
mine; but the enormous discrepancy. 

The ball would have a range of above between the range assigned by the rule 

32 miles. and that which is actually obtained in 

(75.) According to theory, the pro- practice, at once shows that the simple 
jectile will have the greatest range when Jaw is insufScient for practical purposes, 
the sine of twice the angle is greatest. In the above illustration the projectile is 
which is where the sine is equal to the found to have a range of nearly 32 miles, 
radius ; and twice the angle will there- a distance unattained by any method of 
fore be 90°, or the angle of elevation projection hitherto employed. It has 
45°. A body projected at an angle of been found that a musket ball, having 
45° with the horizon will consequently an initial velocity of 1700 feet per 
have the maximum or greatest range. In second, has a range of about half a mile; 
calculation, we have only to divide the but, 'calculating upon our last rules, a 
square of the velocity by the force of fall of 45,156 feet being required to pro- 
gravity to obtain the range of a body duce the velocity stated, the range 
projected at an angle of 45°, and its should be about 17 miles, or 34 times 
time of flight will be equal to twice the farther. This difference is owing to the 
velocity divided by the force of gravitjr. resistance of the atmosphere, which is 

(76.) When the velocity of projection very great at high velocities. We shall. 
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therefore, proceed to consider this im* 
portant subject. 

(78.) In the motion of any body 
through a medium, some attention roust 
be paid to the relatiTe densities of the 
body and the medium; we experience 
little resistance in walking through the 
air, but a considerable exertion is neces- 
sary to Wade through water. In the 
case of a body acted on by the force of 
gravity, we find that it descends through 
air or water by its excess of specific 
gravity; if, on the contrair, its specific 
gravity is less than that of the medium, 
it will ascend ; thus cork ascends in 
water, and hydrogen gas in common air. 
Under such circumstances the body is 
not effectively urged with the whole 
force of gravity, but it is equal to the 
force of gravity minus 

spec. gray, medium. 
S^^^'^y ^ spec. grav. bod}^ 

Suppose it were required to find the real 
accelerating force acting on an iron ball 
moving in the air ; the density of air is 
to that of iron as I to 6000, therefore 
the real force is^* 



the surface A is the object of the resist* 
ance. To obtain the amount of the 

Fig, 29. 
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Hence it may be seen that, in many 
cases, the difference of density between 
the medium and the body moving 
through it is not worthy of considera- 
tion, except with light substances. 

(79.) If a body be acted on by a force, 
according to the laws of uniform motion, 
it would b^n to move with a propor- 
tional velocity, and if there be a resist- 
ing power, such as the atmosphere, its 
retarding effect upon the motion of the 
body, by the principles of Chap. III., 
will be found by dividing the opposing 
force by the mass of the moving body, 
and the result thus obtained must be 
subtracted from the quantity of motion 
of the body to find the effective quantity 
of motion which the body will have, 
being subject to this resistance; this 
effective quantity of motion is therefore 
equal to the original quantity of motion 

ofthebody- ^"^T. . We 
•'^ mass of the body 

have thus to find the amount of this 
resisting force; and, in doing so, the 
amount of surface presented must be 
taken into account Suppose the body 
A B to commence moving in the direc- 
tion of the small arrows in a resisting 
ipedinm, whijch will exert an opposing 
force in the direction of the arrow at A; 



resistance in pounds, it must be com- 
pared with the force of gravity, which is 
easily effected by taking the height re- 

Suired to obtain the body's velocity. Sir 
saac Newton demonstrated that the 
resistance to a surface moving through 
the air with any velocity is equal to the 
weight of a column of air wnose base 
is equal to the moving surfiice, and its 
height equal to the height which a body 
must fall to acquire the known velocity. 
Then, according to the rules formerly 
stated (art 47), the height required to 
obtain any velocity is equal to the 
square of that velocity divided by twice 
the force of gravity. Therefore the 
resistance which the body experiences 
in moving through the air is equal to 
the surface multiplied by the density of 
the air, and the square of the velocity 
of the moving body, divided by twice 
the force of gravity. The retarding 
force will be found by dividing the 
resisting force by the weight of the 
body, as in the last article*. 

(80.) This subject is very much over- 
looked in practical mechanics, for the 
effect of the atmosphere upon the mo- 
tions of bodies at slow velocities, and 
acting for a short time, are small and 
imperceptible; but, as the resistance 

• 

* These formulae may be deduced with the aid of 
symboto. Let A be the axea of the mufkoe, M its 
mass, D the density of the air, o the velocity of the 
moving body, and dt an infinity small portion of 
time duxtefl which the body moves with the velocity 
o. Then the small space which the body moves 
through in A is di zs 9 cK, consequently, by multi- 
plying with the area, A « <ft is the amount of dis- 
placement of the medium, which will receive a 
momentum equal to A v d< x «, oc A «' <lf. The 
moving body will lose a very small portion, dv, of 
its vdocity from the inertia of the medium, and 
M dn will be the quantity of motion lost \ then M d» 
= A D «s dt, because Uie momentum gained by the 
medium must be equal to that lost by the moving 
body. We have here obtained tlie resistance, which 
is then as the square of tlie velocity. If we call R 
the retarding force, we find— 

R = ^ = AP»' 

AM* \ 
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increases as the square of the velocity, 
the subject is important where rapid 
motion is required ; thus, if a body was 
resisted with a force of 1 lb. when mov- 
ing at a velocity of 1 foot per second, it 
would meet with a resistance of 16 lbs. 
at 4 feet per second. 1 he question of 
resistance has been studied principally 
in consequence of its connection with 
warlike operations ; the rapid motion of 
a cannon ball being so great, it is, as we 
have seen, very much affected, not only 
with the resistance of the air in front, 
but also by reason of the partial vacuum 
^ which is left immediatelv behind the 
ball. The air ceases to roUow the ball 
when at a velocity of about 1340 feet 
per second; and the atmospheric pres- 
sure of nearly 15 lbs. on every square 
inch must be added to the resistance to 
^ve the whole amount of opposing force. 
Thus, a ball of 36 lbs. weight, and 6J 
inches in diameter, moving with a velo- 
city of 1600 feet per second, meets with 
a resistance of about 417 lbs.; but, this 
being a velocity at which the air cannot 
follow, the pressure arising in conse- 
quence will be 478^ lbs. ; the ball, there- 
rore, will have to sustain an opposing 
force of nearly 900 lbs. 

(81.) The investigation. of the subject 
is one of great mathematical difficulty, 
the circumstances attending it being of 
so varied a character. Many attempts 
have been made to establish some laws 
of the resistance to a projectile, but 
without success. For further informa- 
tion on this interesting subject we must 
refer the reader to treatises on pneu- 
matics and hydraulics. 



Chapteb VII. — On Rotation, — Rotation 
about a fixed Axis, — The Centres of 
Oscillation, Percussion, and Gyration. 
— Illustrations of RotcUion. — Centri- 
fugal Force, 

(82.) When an unfixed body is struck 
at any point not in the centre of gravity, 
there will result two motions, one by 
which the whole body is carried forward, 
and another by which it appears to turn 
round some point, as an axis ; the former 
motion has beep termed a motion of 
translation, and the latter of rotation. 
This motion of rotation is unexplainable 
by our preceding considerations; it is an 
effect df quite a different character from 
that which would follow from the rules 
already given, for it cannot be shown 



that rotative motion is a resultant of any 
two or more forces, as is the case witn 
rectilinear motion, as the laws of the 
resolution of forces do not apply to 
the case of two forces 4u;ting opposite to 
each other, as in^. 80; if A be con- 
sidered a long body, as a stick, a force 

Fig, 30. 



applied at each end will produce a rota- 
tion about the point A, the stick having, 
at the same time, a motion of transla- 
tion, unless it be fixed at the point A, 
which will then be itationary. We 
shall now proceed to investigate the 
nature and properties of rotation about 
a fixed axis. 

(83.) For the purpose of making the 
inquiry as simple as possible, we shall 
suppose a force to act on a heavy par- 
ticle of matter attached to a fixed axis 
by means of a radial arm without weight, 
whose effect may, therefore, be neglected. 
Suppose M M (fig, 31) to be two bodies, 

Fig. 31. 



M 




called a system, which turn round the 
fixed axis A, always remaining iu the 
same position with respect to each 
other, their relative angular velocity will 
be as the length of the arms A M, A M\ 
according to a geometrical principle ; and 
the velocities of each rotating particle will 
be found by multiplying the angular velo- 
city of the system by the distances of 
each particle from the axis, that is, their 
radii : thus the velocity of M is equal to 
the angular velocity X AM, and the 
velocity of M' is equal to the angular 
velocity x A M'. A force acting at the 
extremity of the radius F will commu- 
nicate a certain amount of angular velo- 
city to the whole system; and the 
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quaDtity of motion or momentum of M 
will be (art. 33.) equal to the angular 
velocity x A M X M, which is also a 
measure of the force impressed; as, 
however, it is not applied at M but at F, 
the force impressed is to the momentum 
of the mass M as the distances of the 
points where the force F is applied, and 
the mass M fixed, from the axis, — or 
force : aneular velocity X A M X M 
: : A M : A F, which follows from the 
principle of the lever, and the force x 
A F = ang. velocity x A M X AM 
X M. The same may be shown of the 
particle M', or any number of particles 
rotating round A as an axis; thus a 
regular body may be considered as a 
multitude of small particles rotating 
round an axis. 

From the above investigation may be 
found the law of the resistance to mo- 
tion, which is offered by particles at 
various distances from their axis. This 
resistance is called the moment of inertia 
of a particle. In the lever, the force 
applied multiplied by the length of the 
arm gives the momentum or power of 
producing motion round the stationary 
point or fulcrum; that momentum in the 
present case is Force x AF, and the 
moment of inertia of the particle M is 
A M X A M X M. or (AM)» x M, 
and of the particle M' =: A M' X AM' 
X M, or(AM')* X M. 

Therefore the moment of inertia of a 
body or system, with reference to any 
axis, is equal to the sum of the particles 
which compose it, multiplied by the 
square of the distance of each particle 
from the axis *. 

(84.) The angular velocity which may 

be given to a revolvable body by any 

force is also found from the last article, 

where the angular velocity of M is equal 

Force X AF 

*^ A M~x~A M^TM' ^' '^® "^°'®''* 
of the force impressed, divided by the 
moment of inertia of the body. The 
angular velocity is here given in parts of 
the radius A M ; but, to convert it into 
degrees, we may use the length of an arc 
eoual to the length of the radius A M, 
which by trigonometry f is found to be 
57^.3; a degree is, therefore, equal to 

or .0174 of the radius. 

57.3 

(85.) The principal objects in the 



* See Chap. VIII., MathemeUical lUuttratimJ!, for 
an investigation' of the phenomena of rotation, 
t See Treatise on Trigonomeiryt Ex* 3, Art. 10. 



investigation of the effects of rotatory 
motion are the determining of certain 
points in any rotating body, called the 
centres of otciltation^ percustion,' and 
gyration, 

(86.) In describing the nature of the 
pendulum, we supposed the pendulum 
tod to be without weight, because of the 
effect it would produce on the time of 
the vibrations; and remarked that the 
length of the pendulum was to be mea- 
sured, from tne point of suspension or 
axis, downwards to a certain point called 
the centre of oscillation, or the point to 
which, if all the mass of the pendulum 
were collected and suspended by means 
of a rod without weight, the oscillations 
would be performed in the same time as 
in its real form ; it is, therefore, of great 
importance to determine this point. 

Suppose S C (Jig. 32) to be a rod 
without weight, to which the particles 

Fig. 32, 




A 6 C are attached ; that the times of 
vibration of each particle may be equal, 
the accelerating forces should be as their 
distances from the point of suspension, 
whereas they are really equal, because 
lines drawn at right angles to the rod 
S C are parallel, and by the laws of the 
inclined plane the forces will be equal 
on equally inclined planes. Let S O 
represent the force inciting the point O, 
in the length of the rod, to oscillation, 
the superior acceleration of the particles 
A B, above that point, will be shown 
by A O, BO; but the particle C, being 
farther than O from the axis, will retard 
the motion of O by. the quantity C 0. 
According to the principle of the lever, 
the effect of each particle is according 
to its distance from the point of suspen- 
sion, and tho accelerating forces must 
be equal to the retarding forces, that 
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AxAOxSA-hBxBO + SBssCxOCxSa ^ 

In this result we have not obtained S O, or the distance of the centre of oscilla- 
tion» separate from the other quantities, which we wish to do ; it is, however, easily 
diminated by considering that AOas SO— SA» BOs SO — SB, and 
OCssSC — SO, whicli gives S O in each instance. Then putting these values 
hi the above result — 

AxSAx(SO— SA) + Bx SBx(SO— SB);tCx SCx(SC — 5 0), 
wliicb, OQ multiplying the quantities together, becomes — 

AxSOxSA — AxSA' + BxSOxSB— BxSB«-CxSC.« — CxSCxSO. 
Transposing A X S A', B x SB', and C x SO x SO, we liave_ 

SO(AxSA + BxSB — CxSC) = AxSA«4-BxSB«-fCxSC«. 
Whence we find* lastly** 

AxSA'4-Bx SB'-f C X S C» 
^"= A X SA + B X SB^-C X SC * 

The distance is thus found, in which pended at the circumference, it is two* 

the numerator evidently expresses the fifths of the radius of the sphere, 

moment of inertia of each particle, and ^88.) The centre of oscillation of a 

the denominator the product of the mass body may be found experimentally by 

of each particle and the distance of its two methods. In one the body is 

centre of gravity from the axis. It may suspended so as to vibrate fieeely ; and 

therefore be stated as follows : — by trial is found the length of a simple 

The centre of oscillation of any system pendulum which will vibrate in the 

is found by dividing the sum of the pro- same time as the body. Another and 

ducts of each particle and the square of better method is to notice the number 

its distance from the point of suspen- of vibrations made, in any length of 

sion, by the sum of the product of each time, by the suspended boay ; then its 

particle and its distance from the point length may be found from the law that 

of suspension. the lengtns of pendulums are inversely 

(87.) From this we can determine the as the squares of the number of 
centre of oscillation of a body. In a vibrations of the pendulum ; taking a 
slender uniform rod, suspended at one seconds pendulum lor comparison, and 
end, this point is at the distance of two- an hour for the length of time, the pro- 
thirds of the length; in a sphere, sus- portion is as 'follows: — 

(No. of vibrations of the body)' : 3600* : : 39.138 : ^^^' ^ ^^'^^^ , 

(No. of vibrations)' 
Therefore the distance of the centre of oscillation from the point of suspension 

007228480 
will be Tis — v'b tioP8^' i'^ches. If the observation was continued for a minute, 

1408968 . , 

'' "^"^^ ^« (No. vibrations)' '"^^^^ 

(89.) It is a very important object in spect to the axis at S, the moment of 

the investigation of this subject to de- inertia of the rod, and half the diameter 

termine the centre of oscillation of a of the ball, that is, S A -f- A G = S G, 

sphere, suspended by a rod, or a pendu- then the moment of inertia of the 

him. If the rod be of little weight in whole, with reference to the axis at S, 

comparison with that of the bob or ball, is = mass X S G' + | mass X A G', 

the centre of gravity of the whole will which must be divided by the product 

remain at the centre of the ball nearly ; of the mass and the distance, S G, of 

and the moment of inertia of the sphere the centre of gravity from the axis, ac- 

is two-fifths of the mass multiplied by cording to art. 86, whence the distance 

the square of half the diameter, or of the centre of oscillation from the 

I mass X AG' (^. 33); but as we point of suspension is 
require the moment of inertia with re- 

_ mass X S G' -H j mass X A G' -. gQ . 2 / A G»\ 

mass X S G "*" ' \ S G / 
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Or, ta the distance of the centre of S G ^ 36 + 3t using which, according 
gravity below S » represented by S O, to the above rule, we find the centre of 

oscillation 3 (A) s=s ^^ ^ f^ of an inch be- 
JFig. 83. low the centre of gravity ; this added to 

the quantity 8 6, or 30 inches, makes 
the whole distance of the centre of 
oscillation from the point of suspension 
99k inches; which, as we have pre* 
viously remarked, is the proper measure 
of the length of a pendulum. 

(90.) When the weight of the rod 
has to be taken into account, the calcu- 
lation becomes more troublesome; the 
following rule is the result of such an 
investigation, in which the weight of the 
parts is used instead of their mass: — 
Multiply the weight of the ball by the 
square of the distance of its centre from 
the point of suspension, and two-fifths 
of the sauare of its own radius, adding 
one-third the product of the weight of 
the rod and the square of its length; 
the distance of the centre of oscillation and divide the whole by the weight of 
below the centre of gravity is two-fifths the ball multiplied by the distance of its 
of the square of half the diameter of centre from the point of suspension, 
the ball divided by the distance of the added to one-half the weight of the rod 
centre of gravity from the point of sus- knultiplied by its length*, 
pension. Suppose we had a pendulum com- 

As an example of the use of this cal- posed of a rod 36 inches long and 2 lbs. 
culation, suppose we have a pendulum- weight, and a bob or ball 6 inches in 
rod 36 inches long, of very little weight, diameter and 10 lbs. weight, the centre 
with a heavy ball, 6 inches in diameter ; of oscillation of such a compound pen* 
Chen AG AS 3, or AG* ss 9, and dulum would be— 

10 (39* -f i 3') -H (2 X 36») _ 15213.6 _ 

10 X 39 -h i (2 X 36) — 426 "" ^'•' *"C"®«- 

The length of the rod and the radius of inversely as the distance of the point of 

the ball are the same as in the last suspension from the same centre, 

example; but, in consequence of the (92.) When a body, or system of 

weight of the rod, the centre of oscilla- small bodies, such as a long rod, strikes 

tion, instead of being 39.1 inches dis- against any thing, the effect is generally 

tance — nearly the proper length to a jarring or vibration through- the length 

vibrate in seconds — ^it is found to be of the rod ; it may happen, however, 

only 37-7 inches from the axis. that the blow is given so that no tremor 

(91.) There is a curious property of takes place, the whole force apparently 

the centre of oscillation, by which it and being expended on the object struck ; 

the point of suspension are convertible ; the point of the rod which must strike 

that is to say, a pendulum vibrating in to produce this effect is called the centre . 

any certain time will vibrate in the same o£ percussion. This point is situated in 

time if it be suspended from the centre a straight line from the axis passing 

of oscillation ; the point which was through the centre of gravity, and iar- 

previously the point of suspension then ther than the latter point from the axis, 

acting as the centre of oscillation. In It may be found by the following 

general, the distance of the centre of rule : — 

oscillation from the centre of gravity is The centre of percussion of a body is 

- - -■ - - - - equal to the moment of inertia of the 

• The fonnula can be more readily expressed by ^y divided by the product of iU mass 

putting w = weight of the ball, w = weitfht of the and the distance of the centre of gravity 

Sd'L + 1^. °Th5S."^' '' " '^'"^ ^ **^' from the point of suspension. 

'w(R + |*«) + ia;L« (^3.) This point is, therefore, the 

* ^ = — WW+JwL — ' name as the centre of oscillation, except 
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ment. Such a point is called the centre 
of gyraiion. 

(95.) To find a rule for calculating 
this point, suppose the weightless line 
SG (Jig* 34), on which is fixed a 



where the body be of great width in pro- 
portion to its length. 

In machines, where the work is in- 
tended to be done by percussion, it is 
highly important to attend to this pro- 
perty of moving bodies. In a hammer, 
the handle is generally, and always should 
be, as light as possible, in order that the 
centre of percussion may be near the 
centre of the iron mass of the hammer ; 
m estimating the centre of percussion, 
the elbow or shoulder-joint becomes 
the axis. That ponderous instrument 
called the forge-hammer, as generally 
constructed, affords an instance of the 
effects produced by a striking instrument 
not arranged with reference to this pro- 
perty ; it consists of a long bar of iron 
turning on an axis passing through one 
end, the other, after being lifted up by a 
cam-wheel, is allowed to fall freely on 
the substance placed upon the anvil 
beneath it ; as the blow is not given at 
the centre of percussion, a part of 
the force is spent in attempts to tear 
away from the axis. Some pendulums 
are made to affect the clockwork at the 
bob instead of the upper part, as is the 
usual method ; in such a case it is highly 
necessary to be careful that the pendu- 
lum may strike with the centre of per- 
cussion, which will be the centre of 
oscillation ; so delicate an instrument as 
the pendulum would soon exhibit the 
derangement produced by it. 

(94.) It is a point of great practical 
importance to determine the point or 
line in a rotating body where, if the 
whole weight of the body were collected, 
the rotatory power would be the same 
as in the real form of the body or instru- 

(A H- B H- C) S G' = A X S A» 4- B X SB» -I- C X 

A X S A' H- B X S B» H- C X S C^ 




whence S G3 =z 



number of small particles, as A, B, C, 
to move through tne small arc A a, B 6. 
C c, their velocities wilt be proportional 
to the lengths of these arcs, or, what 
is similar, to S A, S B, S C; as the arcs 
of circles are proportional to their radii, 
the momentum of these moving par- 
ticles is A X SA, B X SB, C X SC; 
but, from the principle of the lever, 
their relative effects will be according to 
their distances from the fulcrum or axis, 
orAxSAxSA, BxSBxSB, 
C X S C X S C. We may take a point 
in the line S C, as G, at which, if all the 
particles, A, B, C, were collected, the 
rotatory effort would be the same; 
therefon 



SC' 



J or 



SG 



-V- 



A + B -f C 
SA« + BxSB«-f.CxSC' 



A H-B + C 

Therefore the centre of gyration of a multiplied by the radius, or .707 the 

system of bodies is found by dividing radius of the circle, 
their moment of inertia by the sum of In the periphery of a circle, or the 

their masses, and taking the square root rim of a wheel, the centre of gyration is 

of the quotient. at a distance equal to the radius. 

(96.) In a regular straight rod, such (97.) There is a useful method of 

as the spoke of a wheel, the distance of determining the centre of gyration cx- 

the centre of gyration from the axis is perimentally. Suppose the wheel and 

the square root of one-third multi-> axle D C (Jig, 34*), to be movable 

plied by its length, or .577 times its about a fixed axis, passing through the 

length. centre of gravity at C, and P a weight 

In a circle turning about its centre, which gives motion to U'X whole ; then 

the distance of the centre of gyration is allowing the weight to descend for any 

equal to the square root of one -half length of time, and measuring the space 
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through which it has descended, we Subtract the product of the space de 



have the following rule :— - 

Fig. 84» 




V 



32x4x4x9— 12x 



scended by the weight and its momeoC 
of inertia from the product of the force 
of gravity, the moment of inertia of the 
weight, and the square of the time of 
descent; and divide by the product of 
the weight of the wheel and axle, and 
the space descended by the weight ; the 
square root of the quotient will give the 
distance of the centre of gyration from 
the centre of gravity. 

Thus, suppose a wheel and axle of 
10 lbs. weight to be moved by a weight 
of 4 lbs., acting at the circumference of 
the axle, whose radius is 2 inches, and 
falling through 12 feet in three seconds; 
then C G, the distance of the centre of 
gyration from the axis, is 

iiii = ^ /*11^ = >/365 = 6.07 inches. 
10 X 12 ^ 120 

(98.) The following examples will work by means of an axle A C. If the 

illustrate some of the properties of rota- force at D, or the circumference of the 

tion about a fixed axis. wheel, is a weight P, pulling up another 

1. Suppose it were required to find weight W, suspended from the axle, 

the amount of accelerating force urging the effect of these weights will be pro- 

a. revolving wheel D £ (Jig, 35), when portional to their distances, CD, C A, 

acted on by a force at D, and doing from the axis ; the weight W resists the 

j^. Q^ force P by the power it would have at 

Jiig, 35, p^ Q ggpyjjjg ag jj fulcrum, and by the 

principle of the lever this resistance is 

W V A C 
equal to — - , therefore the ef- 

CD 
fective accelerating force acting at D is 
the weight minus this resistance. But 
the wheel and axle must have their 
moment of inertia, as also the weights 
P and W ; the moment of inertia of 
the wheel and axle will be the product 
of its weight and the square of the dis- 
tance of the centre of gyration from the 
axis ; and the weights P and W, multi- 
plied by the squares of their respective 
distances from the axis, will give their 
moment of inertia ; the two being added 
together, the total moment of inertia is 

3= wheel's weight x C G' -}- W x A C» -h P X C D». 

The force acting at the point D will be P minus the resistance of W, which mul- 
tiplied by the square of the distance from the axis at which it acts, or C D^ is 




D*^P — 



W X A C 
CD 



)- 



P X CD'— W X AC X CD. 



and the accelerating force at the circumference of the wheel is 

Px CD»— Wx ACx CD 
wheel's weight xC G» -|- W x A C» x CD*' 
Or, multiply the weights moved by wheel's radius, and divide the remainder 
the radii of the axle and the wheel, and by the moment of inertia of the wheel 
subtract the sum from the moving and axle and the weights, 
weight multiplied by the square of the To find the force which, accelerates 
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the weight W it must be remembered, weight P u the respective distances of 
that it is to the force accelerating the the weights from the axis, or 

accelerating force at A : accelerating force at D : : A C : C D. 

The accelerating force at D, as found plied by A C and divided by C D to give 
above* will therefore have to be m«ilti* the accelerating force at A ; which is 

PxCDxAC— WxAC . 

wheel's w«ght x CG« + Wx AC»H-Px CD«* 

That is, subtract the weight moved system, we may find the velocity a 

multiplied by the square of the descending or ascending weight will 

radius of the axle from the moving attain in any time, and also the space 

weight multiplied by the radius of the moved through bv each weight; the 

wheel and the axle, and divide by the amounts obtained from the above rules 

moment cxf inertia of the wheel and the being multiplied by the quantities given 

weights. in art. 47* for finding the space and 

From this determination of the acce* velocity ; thus, acconung to the rules 

lerating force acting on a revolving there stated, 

velocity = 32 x time of falling. 

space = 16 X square of the time of falling. 

Each of these being multiplied by the gravity. In this case the system re. 
accelerating force at P or W will gjve volves with the same angular velocity 
the velocity attained and the space 
moved through by P or W in any time. 

Suppose it were required to find the 
space through which a weight of 2 lbs., 
hanging from the circumference of a 
wheel of 6 inches radius, would descend 
in 4 seconds, in drawing up a weight of 
5 lbs. suspended from the axle, which is 
2 inches radius, the weight of the wheel 
and axle being 3 lbs., and its centre of 
gyration | of the radius, or 4 inches 
from the axis. 

By the first rule the accelerating force 
urging the moving weight P would be 

2x36— »5x2x 6 J 

3 X 16 4* 2 X 36 + 5 x 4 "" 36* 

or ^ of the force of gravity ; multiply- 
ing this by the rule for finding the space, 
we have 16 X 16 X ^; = 21| feet, the 
space descended by P in 4 seconds, and 
at the end of that time would have ac- 
quired a velocity of 82 x 4x^=11 
feet per second. The height ascended 
by the weight W may be similarly c^- 
culated. 

2. It is of importance to know, when 
a wheel turns on an axis by the action 
of any weight, the amount of pressure 
exerted upon the axis ; when the system 
is at rest, the pressure would be equal 
to the weights of the wheel and weights 
suspended from it ; but, in motion, this 
pressure is in part taken off the axis. 

Suppose the wheel, ^. 37» to revolve 
by the action of the weight P> drawing 
up another weight W; o being the 
centre of oscillation and ^ the centxe of 




as if P and W were placed at the centre 
of osciUation, and, as the accelerating 
forces are as the velocities produced in 
a given time, we obtain the proportion — 

Co:Cg::PH-W;^X (P + W). 

Co 

The last term of the proportion gives 
the accelerating force at the centre of 
gravity g. Now the distance of the 
centre of, oscillation from the axis, ac- 
cording to art. 86, is found by dividing 
the sum of the weights in the system, 
multiplied by the square of their re- 
spective distances from the axis, by the 
sum of the weights multiplied by their 
respective distances from the axis; we 
have^ in the present instance, two 
weights, and, as they are on opposite 
sides of the axis, the distance of their 
centre of oscillation, C o, will be— 
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Px CD«-f W X AC 

P X CD — W~x A C • 

To find Cg, or the distance of the 
centre of gravity of the system from the 
axis» multiply each, weight by its dis- 
tance from the axis, taking the difference 



of the two, as they are on opposite 
sides of the axis, and divide by the sum 
of the weight; hence 

P„— P X CD — Wx AC 

^« ^w^-p 



1 



Ti,.»Cg_( PxCD-WxAC) « 

Co P X CD» 4. W x A C« W + P; 



as it was ^nnd by the proportion shown 
above that the accelerating force is 

^ X (P + W), if we multiply by 
C o 

P + W, the accelerating force aeting 

on the centre of gravity will be 

(P X CD^Wx AC)V 
PxCD»H-WxAC«' 

or the square of the difference of the 
weights multiplied b;^ their distances 
from the axis, and divided by their mo- 
ment of inertia. The more powerfully 
the fbrceacts upon the centre of gravity 
to make it descend, the less weight will 
be incumbent upon the axis of motion, 
so that the real weight upon the axis 
during motion will be 

_(P X CD—W X AC>« 



the pulley, they will of course act at 
equal distances firom the axis, and the 
j^ressure will be 

80^g. 0~20)' ^30^ 100^28 lbs. 
30 H^ 20 50 

S. It is an interesting problem to find 
what the proportions of the radii C D, 
C A (Jig, 97% of a wheel and axle must 

Fig. 37. 



PH- W 



P X CD«-h Wx AC 



Suppose it were required to find the 
pressure upon the axis of a wheel^of 2 
feet radius, to which two weights, as P 
and W in the above figure, weighing 
10 lbs. and 20 lbs. respectively, the axle 
being 6 inches radius. The sum of the 
weights is 10 + 20 = 30 lbs. Then 

30 — QO X 24 — 20 X 6) « 
10 X 576 -f 20 X 36 

will express the pressure upcm the axis 
when the wheel is in motion ; perform- 
ing the operations indicated, the above 
expression is equal to 

30 — 11125 =5 30 — 2J = 27i lbs. • 
6480 • ' 

If the weights act at an equal dis- 
tance from the axis, the expression for 
the weight upon the axis will become 

^ P-l-W ' 

or the pressure will be equal to the 
sum of the weights minus the square of 
the difference of the weights, divided by 
their sum. Thus, in the above example, 
if the weights act one on each side of 



.1-*" 
P 



W 



be, in order that a given force P may 
raise a weight W, or perform a work in 
the shortest time. We can here give 
the results only of such an investigation 
which requires the assistance of mathe- 
matical principles, which cannot be in- 
troduced here. The radius C D of the 
wheel may be thus found, the radius 
C D of the axle being considered equal 
to 1 :— 

To the square of the weight, divided 
by the square of the power, add the 
weight divided by the power added to 
one-half the weight of the wheel, and 
to the square root of the sum add the 
weight, divided by tiie power. 

For example: suppose the wheel 
whose radius is required, to be 10 lbs. 
weight, the diameter of the axle being 
1 inch, the weight lifted or W =: 
50 lbs., and the power P =5 15 Ibs^ 
Then— 
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^ 15" 




+ ^ s= 3.75 4- 8.33 s= 7.1 inches nearly. 



(99.) When a force actuates a body centre of gravity of the whole being at 

which, having no fixed axis, is at liberty G, and we require to determine the 

to move in any direction, two conse- effect produced by a force actin'g at any 

quences may be observed — ^there is point, as C. According to the property 

either a simple progressive motion of of the lever, the effect produced on the 

the whole body, or a rotation about particle A is to the effect produced on 

some point as an axis, and a progressive the particle 6, as 6 C : A C, which will 

motion also. The former effect results consequently be the ratio of the spaces 

when the direction of the force passes Ka^ o 6> described in any time, if the 

through the centre of gravity of the bodies be equal ; if they be not equal, 

body, and the latter, when the direction the velocities with equal forces being 

of the force passes in any other direc- inversely as the masses (art. 32), the 

tion through the body. The subject is ratio of the spaces described will be, 

one of great interest in the physical -n r; a G 

sciences, as it explains several astrono- : . Taking A a, B 5, in the 

mical phenomena, such as the preces- ^ ^ 

sion of the equinoxes and the nutation ratio of B C : A C, draw a line a J, 

of the earth's axis in consequence of the joining their extremities, and produce it 

attractive forces of the sun, moon, and to meet the line A B produced in Sj 

planets, besides numerous questions in then S is the point about which the 

the mechanical sciences generally. whole system revolves for the instant 

(100.) For the purpose of showing du^ng which it describes the space be- 
the nature of this compound motion, ' tween the lines ; its distance from the 

suppose the two particles A, B {fig, 38), point of appUcation C of the force may 

^. be found from the property of similar, 

^*^' ^®- triangles, whence B S : A S : : B3 : Aa; 

or 

as:^^.^, or as Ax AC: BxBC; 



1 



B 




again, as BS a CS _CB, andAS 
= A G -f C S, the proportion may be 
to be connected by the line A B, the given — 

CS — CB:AC-f-CS::AxAC:BxBC. 

Multiplying them together we have 

CSxBxBC^BxCB*=CSxAxAC + AxAC8. 

Prom- this -we obtain merely a progressive motion of the 

CSa= \^ ^r^^K^ A r°' ^^^^-^ ^ ^^ ^^^ ^^^ ^^^^ '*^® 

BxBC Ax AC centre of spontaneous rotation is to be 

which is the expression for the distance found by the same method as the centre 

of the centre of percussion of a body of percussion or the centre of oscillation, 

from its axis. While the particles A we may readily determine the two mo- 

and B move through their respective tlons of a foody when the force applied 

arcs A a, Bb, the centre of gravity, G, and the mass of the body are known. 

of the whole has moved through the Suppose, for instance, a force P {fig, 

space Gg: the system thus acquires a 39), to act at P upon the ball A, its 

progressive as well as a rotatory motion, direction P D would not be through G^ 

The point S is called the centre of irpo»« the centre of gravity; a motion will, 

taneous rotation, and varies in position therefore, ensue for an instant round 

according to the point at which the body some point S. The progressive velocity 

is struck. When the system is struck eommuntcated by the force is equal to 

at G, the leverage of both particles the force divided by the mass of the 

being equal or in inverse proportion td body; and the rotatory velocity may b^ 

their masses, an equal amount of motion found by dividing the force applied by 

ensues in each particle, and there is the product of the mass of the body# 
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the ratio of the circumference of a 
circle to its diameter, and the distance 
of the centre of spontaneous rotation 
from the centre of gravity of the body, 

or — 

A X 6.28 X S G* 

For instance, if a ball 12 inches 
in diameter, and 20 lbs. weight, were 
struck by a body of 1 oz. weight, 
moving at the rate of 60 feet per 
second ; the direction P D of the force 
meeting a radius at a distance from the 
centre G of ^ of the radius, what would 
be the progressive and rotatory velocity 
of the ball? The comparative mo- 
mentuhi of the impinging force may be 
called 60 (art. 33), and the ball being 
240 oz. weight, its progressive velocity 
will be jSSf B= i of a foot per secondf. 
To find the rotatory velocity, the dis- 
tance S G must first be determined ; but 
as it is the same as the centre of oscilla- 
tion, It will be two-fifths of the square of 
the radius divided by the distance be- 
tween the point D and the centre of 

gravity G ; or S G = | {^) i but as 

I) G is supposed to be equal to half the 
radius, S G = J radius^ which will be | 
of a foot. The rotatory velocity will be 

60 3s= _??.=: A f f t 

240 X 6.28 xl *^ 303 10 ^ * 
per second nearly, 

(102.) It may be generally observed 
in a free rotation that the axis is tempo, 
rary, for after the body has rotated about 
one axis for a short time it will move 
about some other axis passing through 
it, which is in consequence of the cen- 
trifugal force created by the motion of 
the body not acting equally on each side 
of the axis. This movement of the 
axis will continue until one is obtained 
around which the centrifugal forces will 
b« equal, and the axis manifests no. 



tendency to change from that position ; 
such an axis is called a permanent axis 
of rotation. In every body there are 
three such axes, called the principal 
axes of rotation, about any on^ of which 
motion will continue, as the centrifugal 
forces are in equilibrium. 

(103.) The determination of these 
axes by calculation would be a trouble, 
some process, but they may be found in 
any body iymmetrical about an axis pass- 
ing through it, from the circumstance 
that this axis will be one of the three 
principal axes, the centrifugal forces 
being in equilibrium; also it is found 
that the three axes are at right angles to 
each other. 

Thus a sphere is symmetrical about 
any diameter, and the centrifugal forces 
are equal if the sphere be homogeneous ; 
therefore the three principal axes in a 
sphere are any three diameters at right 
angles to one another, as A B, CD, 
E F (JSg. 40). 

Fig, 40. 




In a circle one of the axes is a line A B 
drawn at right angles to its. plane (as 

Fig. 41. 
O 



A" 
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the axle of a wheel), the other two These facts may be pleasingly illus- 

being any two lines drawn in the direc- trated by means of the instrument 

tion of its surface, and at right angles to shown in /%. 44. Upon the stand A B 

one another, as in Jig, 41. is fixed tne pillar A C, carrying a hori. 

In a rectangular parallelopiped the sontal arm CD; at D there b a small 

axes are three lines drawn parallel to w aa 

the sides and equidistant m>m them. ^* ^' 
The three principal axes of a cylinder 
may be similarly drawn. Fig. 42. 

Fig. 42. 



£ 



c 



^ 



In an ellipse the principal axes are 
the axes of that figure, the longest axis 
being the major axis of the ellipse, and 
the other two any two minor axes at 
right angles to one another, as in Jig. 
43. 

Fig. 43. 




£ 




(104.) It has been found that bodies 
do not tend to turn about any one of 
these axes ipdifferently, for in the case 
of the axis AB, Jigs. 41, 2, 3, unless 
they rotate accurately round that line, 
which is scarcely possible, the axis will 
be relinquished for that which is the 
shortest axis of the three ; this axis is 
the only one of the three into which 
there is a tendency of the body to settle. 
Any mass rotating ti'eely will, therefore, 
adopt a number of spontaneous axes 
until it settles finally in the shortest 
which can be obtained. This singular 
law of rotating bodies is exemplified in a 
most striking manner in the rotations of 
the planets. The earth has been proved 
by Tarious methods to be of an oblate 
spheroidal form, revolving about its 
shortest diameter. 



pulley turned by the multiplying wheel 
£, which is moved by the handle near 
its circumference. From the pulley D 
a thread is suspended, to which is at- 
tached the object intended for experi- 
ment. In the figure we have placed a 
representation of the planet Saturn, 
attached to the string at the pdnt F, 
which is one of the longest diameters of 
the whole body. On turning the wheel 
it will not rotate about the axis F 6, but 
the shortest axis a 6, as is shown in the 
figure by the dotted lines, if the rotation 
be sufficiently rapid. 

(105.) In the descent of bodies along 
inclined planes by rolling, the effect is 
different from that which would result 
from a sliding motion ; a ball or a cylin- 
der will roll under such circumstances 
because friction prevents its sliding, and 
as the line drawn from the centre of 
gravity of the ball perpendicularly down- 
wards does not pass through the point 
of Contact, the bctll continually tumbles 
over or rolls. The effect of gravity in 
such a case as compared with its effect 
upon a body moving freely may be found 
in the following manner. Suppose the 
drcle A 6, Jig. 45, to have a thread 
wound round the circumference, one 
end being attached to a fixed point at 
S; if the circle be allowed to move, it 
will descend by unwinding the thread, 
but not so rapidly as if it were free ; it 
is thus made to rotate. At every in- 
stant of its downward motion it is turn- 
ing about some point, as 6, in its circum- 
ference, which is thus a spontaneous 
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axis, and is similar to a pendulum, hav- the arrow, or the tangent A T to the 
ing its centre of oscillation O, which curve. A stone tied to one end of a 



Fig. 45. 



Fig, 46. 





moves as though the whole mass of the 
circle were placed there, and suspended 
from the point B; also the motion at 
this point will be the same as that of a 
body moving freely. The velocity of 
the centre of gravity is, however, the 
proper measure of the velocity of the 
body's motion ; so that the ratio of the 
velocities of these two points will be 
equal to the ratio of the velocities of a 
body moving freely by the action of gra- 
vity and the body unwinding the string ; 
that is as O o : G g, or from the rela- 
tions of the sides of similar triangles, as 
B O : B G; but B O and BG are the 
distances of the centres of oscillation 
and gravity from the temporary point of 
suspension B ; therefore the velocity of 
a body falling freely is to the velocity of 
the body unwinding the thread as the 
distance of the centre of oscillation to 
the distance of the centre of gravity 
from the temporary axis of rotation at 
the circumference of the circle. 

( 1 06.) We have had occasion to no- 
tice (in art. 102) the effect of centrifugal 
force upon rotating bodies; it is a force 
called into action by revolving motion, 
and its tendency is to force the body 
from the curve line in which it moves 
into a rectilinear path, as is shown in 
Jig. 46 ; the dotted circle A B D repre- 
sents the path in which a particle A is 
made to revolve about the centre C, 
from which it will continually endeavour 
to fly off in the direction indicated by 



piece of string, the other being held by 
the hand, affords, when whirlwl in the 
air, a simple illustration of the nature of 
centrifugal force; as the velocity of its 
revolving motion increases, the centrifu- 
gal force increases ; the tension or pull 
on the string being equal to the centri* 
fugal force. The opponent force, or that 
which retains the revolving body in its 
curvilineal path, is called the centripetal 
force. In the arrangements of all heavy 
instruments and machines, where a con- 
siderable rotative velocity is required, it 
is of importance to know the amount of 
centrifugal force brought into action, or 
the centripetal force necessary to pre- 
serve the machine from injury. 

(107.) The calculation of the centri- 
fugal force exerted on any body revolv- 
ing with a known velocity, and at a 
known distance from the axis, is easily 
effected. The following is a simple 
method : — 

Find the height through which a body 
must fall to acquire the velocity with 
which the body in question rotates, and 
this proportion is obtained: the radius 
of the circle described by the revolving 
body is to twice the height producing 
the velocity as the weight of the body 
is to the centrifugal force. According 
to the rules given in art. 47, the height 
or space moved through to acquire any 
given velocity is equal to the square of 
that velocity divided by twice the force 
of gravity, so that twice the height is 

equal to (Z!!?£iS)!; making use of this 
the above proportion will be 



Tadius : (I£l2£0' , , weight of body : (^el.)» x weigh 

32 ^ •" 32 X radius 

The last term therefore expresses the the times of their revolution inversely; 

centrifugal force. or the centrifugal force acting on any 

(108.) When two or more bodies are body A is to that acting on any body B 
revolving on their centres, the relation 

berween their centrifugal forces is as as ^^^^^^ ^^-^ is to J[?^l?5?_?^ ^ 

their radii directly and as the squares of (time of A)» (time of~B)2 ' 
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(109.) From the nature of central 
forces we may find the time of reyolu- 
tion and the centrifugal force acting on 
any body revolving at any distance from 
the centre of the earth ; the centripetal 
force in this case being gravity. Sup- 
pose P, fig* 47, to be moving in the 
circle P £> S, its tendency, according to 




the property of inertia, would be to 
continue its rectilinear motion in the 
direction P T, but by the centripetal 
force it is brought to F, through the 
very small arc P F, in the time that it 
would have reached G ; the body may 
thus be said to have fallen through the 
space G F or P A, the latter being con- 
sidered parallel and equal to G F, while 
it moved through the distance P G ; the 
lines PA and PG may therefore be 
taken to represent the relative amounts 
and directions of the forces acting in the 
directions P T and P C. We shall here 
consider the arc P F so small that the 



line P F may not perceptibly differ from 
a straight line, and P F A will be a tri- 
angle ; then drawing a line from F to D, 
the point where the diameter from P 
meets the circumference, we have the 
similar triangles P FA, PDF, and con- 
sequently the proportion — 

PD : PF: : PF: PA. 

P A, or the space fallen by the moving 

particle, is thus equal to ^ _ ; 

and the distance PF described in the 

same time will be equal to i^PDx P Aj^ 
or the square root of the product of the 
diameter of the orbit and the distance 
moved through by the action of gravity. 
These results will serve for calcula- 
tion. The space P A may be taken to 
represent the space a body falls by the 
action of gravity in the first second of 
time or 16 feet; then the small space 

will be \/16 X diameter; or, as the dia- 
meter is equal to twice the radius, it 
will be more convenient to make the 

above equal to ^Z2 x radius; which 
expresses the velocity of P's orbital 
motion. The time of revolution may 
be easily found ; as the velocity of P we 
have obtained gives the rate per second, 
the whole time of revolution will be to 
one second as the velocity of P is to the 
circumference of the circle, which is 
equal to the diameter or twice the radius 
multiplied by 3.1416; or using these 
more calculable quantities 



is/32 X radius : 2 radius x 3.1416 ::V' :( 



2j-ad. X 3.1416 \ 
V32 X rad. / 



By the last term the time of revolution 
ever, be simplified thus : — 

2 rad. x 3.1416 _ / 4 rad.^ 
s/32 X rad. ~"A/ 32 x rad. 

or, the time is equal to 3.1416, multi- 
plied by the square root of the quotient 
of twice the radius divided by the 
space fallen freely in the first second. 
Thus, in order that a body should re- 
volve round the earth at its surface, the 
radius of the earth being 3,956 miles 
or 20,887,000 feet, it would require a 
velocity of about 26,000 feet per second, 
and the time of revolution would be 
5,084", or about 1 hour, 24 minutes, 
44 seconds. 

(110.) By the aid of the above consi- 
derations we are able to find the relative 
amount of the centrifugal and centri- 
petal forces at the earth's surface. In 



may be calculated. This term may, how- 




X 3.1416 =: 3.1416 X 



the first problem, the relative amount of 
the central forces, we can find what the 
time of revolution ought to be in order 
that the forces may counterbalance each 
other; then by art. 108 the forces isure 
to one another as the squares of the 
times of revolution inversely. We have 
already found the time of revolution at 
the earth's surface, when equilibrium is 
obtained, to be 5,084 seconds, but tne 
«arth revolves in 23 hours, 56 minutes, 
4 seconds, or 86, 1 64 seconds ; then, if 
we call the force of gravity 1, we find 

(86,164")3 : (5,084")3 : : 1 : jfo. 
Therefore the centrifugal force at the 




MECHANICS. 89 

'equator of the eaith is ^ of the attract* try, A P represents the cosine of the angle 
ive force or gravity. fi C P, whence A P*=s: E C^cos.* E C P; 

The centrifugal force is not the same or the centrifugal force at the equator is 
in all parts of the earth, and the above to the centrifugal force at any latitude as 
ratio of the two forces is limited to the the radius of the earth to the square of 
equator. In explaining the causes of the cosine of that latitude ; the force of 
variation in the time of vibration of pen- gravity also diminishes as the square of 
dulums (art. 67), we had occasion to re- the cosine of the latitude. We say this 
mark that the force of gravity, or the cen- however, considering the earth as a 
tripetal force, is greater as we approach sphere; but as the earth is compressed 
the poles or stationary points of the at the poles, by reason of its rotatory 
earth ; at the north and south poles the motion, .0033 or sigth of its equatorial 
centrifugal force is nothing ; one of the diameter, the decrease of gravity is not 
causesof the increased effect of gravity is truly according to the above law. It 
therefore the decrease of this opponent has also been found, in the use of the 
force. In Jig. 48, let N and S represent pendulum to determine the intensity of 

jf». 4Q gravity at different latitudes, that local 

^' ' circumstances, such as geological consti- 

tution or the vicinage of hills, affect the 
- intensity of gravity. 

(111.) The following illustration ex- 
hibits a simple method of calculating the 
tension resulting from the action of cen- 
trifugal force. Suppose the ball A (Jig, 
46), to be revolving in the dotted orbit 
or circle A B D, then the centrifugal 
and centripetal forces are equal at the 
the north and south poles of the earth, circumference of the earth when the 
E Q the eqtiator ; then the latitude of / 

the place P will be the arc E P, and timeof revolution is 3.1416 a / 
measured by the angle E C P ; taking ^ 

A P as the radius of another circle, we (art. 110), and the greater centrifugal 
£rid by art. 108 the relation of the force is to the lesser centrifugal force as 
centrifugal forces at E and F is as E C the greater to the lesser radius directly, 
to P A, which gives the relative centri- and as the square of the greater to the 
fugal force in the directTon A P ; but as square of the lesser time of revolution 
we require to have it in the direction inversely; or (T being the greater and i 
C P, or the vertical at the point P» we . i i 

have the following proportion, calling 'he lesser time) as _ to - (art. 108). 

the radius E C =5= 1 : — _, . , 

1 . A P . . A P • A P2 Supposmg the greater radius and greater 

i.Ajr../4.ir.rkjr. centrifugal force each equal to unity, the 

According to the principles of trigonome- proportion just stated will be 

16 . AC . . J . 2 X 3.1416»x AC 

2 X 3.14162 ' (time of A)^ " ' 16 x (time of Af ' 

The last term thus gives the centrifugal The powerful effects of centrifugal 
force in the circle ABD, whose radius force in locomotion are well known; a 
isAC. , ~ carriage turning the corner of a street 
For example; if A C ;= 10 feet, and cannot be driven with very great velo- 
.the time of A's revolution s= 2 seconds, city lest it should overturn ; and the 
Its weight being 5 lbs., the centrifugal experienced horseman almost instinct- 
force would be ively leans inward under similar condi- 
2x 3.1416^ 197 7 tions. This principle is imitated in raiU 
— 1/^-— T — ^^ ~fii~ ^^ Si^t nearly, ways where curves occur. From the 
^ ' great speed with which a train moves. 
That is the string, or whatever held the the centrifugal force on a curve would 
ball A in its orbital motion, would ex- be so great as to throw the train from the 
'perience a tension of 3^ times the rails unless some method were adopted to 
weight of the ball, which in the present neutralize this force. The plan adopted 
example would be 15^ lbs. is that of raising the outer rail, as ia 




UtCOAVlCS. 

■Mr referring the reader to loiiie of the wockt 
* of mcDtioDcd at the end of thii treatJM bt 

a demonHntion of the more goDenl 

propotition. 
Let F F be two forcet acting upon ■ 

putide at A, in the direclioni A F, 



the circular curve, and C the inner rail. 
The centre of giavily G of the carriBge 
is thus thrown inwardi, or toward* the 
inner rail, by the distance B A, which 
neutraiizet the centrifugal force tending 
to turn the carriage over the rail D, In 
this case it is required to find the eleva- 
tion of the outer rail D, in order that 
the centre of gravitj may be thrown 
enough Inward to keep the carriage or 
train in a state of itabilLlj when at ita 
greatest speed on the curve. It has 
been found that for a curve of a thou- 
sand feet radius the outer rail should he 
about 3 inches higher than the inner 
rail, when the train moves at the rate of 
30 miles an hour. Notwithstanding the 
precaution thus taken, it may he ob- 
served, when trains run along curves at 
hi^h velocities, that there is a great deal 
of vibration, especially when the gauge 
or width between the rails is narrow. 



(I.) The paralMogram of fonxi.—'thie 
proposition is one of great importance in 
(he science of Mechanics, being found 
under various points of view in very 
many c^ the problems in statics and 
dynamics. 

The most general view which can be 
taken of the subject is that wherein 
several forces are supposed to act simul- 
taneously upon a material particle, no 
limitation being made to the direction in 
which each force shall act, these forces 
are then referred to three planes at right 
angles to one another to obtain [he ne- 
cessary expressions for the calculation of 
their resultant. We shall, however, in 
the succeeding investigation limit the 
direction of the forces to one plane, by 
which the problem is much sJmpliBed; 
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A V, situated in one nlane. Draw 
through the origin A tne lines A *, 
Ay, at right angles to each other; 
then each of the forces F P may be 
decomposed into two — one in the direc- 
tion of the axis A^, and the other in 
that of A t/. If we represent the angles 
FAB, FAB, which the forces F F 
make with the axis A jt by a, □', and the 
angles F A C, F' A C, made by the same 
forces with Ay by ft P', by the prin- 
ciples of trigonometry the component 
forces of F, which are A B, A &, may be 
denoted by 

F COS. a, F COS. 3. ^ 

Similarly the components of F', or Ac, 



imilarly the 
C, will be 



Jies A X, A V, and expressinj 
by X and 1, thej become 
Fcos.o +Feos.o'= X. (I) 
F COS. 3 + F cos. p' = Y. C2) 
The forces being thus reduced to two, 
acting at right angles to each other, their 
resultant K will be the diagonal of the 
parallelf^ram formed by their quantities. 

TI«refore _ 

R=:VX' + Y'. (3) 
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By this equation the magnitude of the E A F* by ff*, the components of F in 

icwi&tant may be found ; to determine these directions will be 

its direction, let a and b be the angles -p" cog. a" F" cos 0. 

RAD and R A E which it makes with ^^^ Uniformly Accelerated Motion^ 

the axes A x, A^^; then ,^^ ^^^^ -[^ d/termine the relation of 

X s: R cos. a, Y ^ R cos. b. time, space, and velocity in this descrip- 

Fbhr which we obtain the function of tion of motion, we may suppose a uni- 

tbe aiigles form force F acting on any material par* 

^^ X . ^^„ r Y f.y tide for a length of time T composed of 

C06* A s^ — % COS. O ss __^ 141 . ir • <. ^* f ^* 

r' R » number of mmute portions of time 

If the Dumber of forces in the inves- 'Jl-^j ^^ whole number » of theie 

ti^tion are more than two. their com., Sl'!',!^ J'" /!^!"*JS "?^* .^"P, '^ 

*^ ^ '^u 4. * *u ^ ^ A whole time, or n ; =s 1 ; then the force 

poaents with r^pect to the jues A x. ^ ^^ ^ ^ • 

Ay have mereW to be added to the time mulUpUed by the time of Sotion will 

•^nr^le Kien any two force. »^« "»<' '«">'*''«'' "' t"" ^^'^'^^ "■»«• 

be greater than a right angle, some of^ ^^ 3^ 4^ 5t nt. 

the component quantities will be nega- F /, 2 F /, 3 F /, 4 F /, 5 F / . . . . n F /• 

tive, as occurs with the force ¥"; in And these velocities being supposed 

this case denoting the angle B A P by uniform during each of the times, the 

a", and the angle made with A^ or spaces corresponding will be 

F/«, 2F<», 3F<», 4F/«, 5F/« nF/«, 

because the velocity multiplied by the time gives the space described (art. 12). 
The sum of these quantities is — 

^ 2 22n 

and as « / = T. the last expression = j^ ^ » g ^^ ^.^ , ,^, 

PT* FT / 

2 2 It * rated particle to describe the small space 

This, therefore, is the sum of the spaces ^ >» the smaU time dt, the velocity will 

described with a number of uniform he 

velocities, and is greater than the space v ^ -1 , (5) 

described by a body uniformly accele- dt ' 

rated, for it must be evident that a par- ^y^^^y^ supposes the rate of motion to be 

ticle would move through a less space uniform; if the velocity increase by uni- 

with an increasing velocity than it would fo^m acceleration during the small time 

if It had the terminal velocity during the ^^^ j^e velocity will be t; + rfn at the 

whole time of its motion ; so that the ^^d of the time t + dt, or dv is the in- 

space * described with a uniform accele- cremeiit of velocity during the smaU 

ration is less than the last expression, ^^^ ^^^ ^^^^ ^ ^j^^ ^^^^ j^ constant, it 

but it wiU approach it nearer as the ^^ ^^^ ^^e additional velocity dv dur- 

small times / are smaller, by which their j^g each smaU portion of time, aud dv 

number n becomes greater, and when n multiplied by the number of small times 

IS infinitely large . ^^ contained in any length of time wiU 

^ ^ F T* , FT' , give the velocity attained during that 

2 2« * time; if the time be 1, </» will have to 

we may observe here, that as we have be multiplied by --- ; thus 
supposed n to become an infinitely large "'^ 

number, the second fraction will be ex- « dv > r^v 

ceedingly small, and may be disregarded, ^/ * ^ ' 

^"®°^® We have now obtained two equations 

g 22 Z.T-*, or iF T*. ^^ motion, dt ^i vdt, and Fdt := dv^ 

2 * whence « 

Again, according to the note to art. Fds ssvdv, (7) 

12, the velocity of a body moving By substituting g (=: 32.19 feet) for F 

through any space « in a certain time t, we can obtain expressions of the force of 
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gravity ; for by equation (6) g =s — ^ 

dt * 

whence dv ss g dt, and integrating v s=s 
g i ; also, by equation (5), ds ssz vdt, or 
using the value just found for o, ds = 
g ^ (2/, which by integration gives s=:\gi\ 
which is similar to the result obtained 
i)y the first method ; from this equation, 
and V ^ gt, we have the following 
equations for calculating space, velocity, 
time, and force :•— 

s = igt^=zUv^—, 

, 2s 



g V ^ g 
— £.— 2# _ tj* 

(3.) Rotaiion about a fixed axis. — Sup- 
pose the particles m, m', m", to be attached 
to a fixed axis A, and stationary with re- 




spect to each other, their radii being r, 
r\ r"; any motion communicated to the 
system would produce the same angular 
velocity 6 in each particle, but the axes 
described being as the length of the radii, 
the respective velocities would be rB, r'6, 
r"d, of the particles m,m\ to". Their 
quantities of motion 'would therefore be 
ynrB, m'r'By ni!'r''B, which will be pro- 
portional to the force impressed upon 
the whole system. Let / be a force 
acting at P in the direction P B, which 
would equilibrate the force mr at to; 
then if a Une be drawn from the axis 
perpendicular to P B by the principle of 
the lever — 

/: mrB : : Ato : AB : : r : AB. 

From which we find 

/X ABssTOfStf. 

The same may be shown of any other 
forces, /', /", equilibrating the moments 
of the particles to', to", or m'r'B, m"r"B; 
so that, taking the sum of the forces 
/+/+/'= F, we have 



F X AB == ^(r'« + r«TO' + r^V). 

Supposing the particles m, tn\ m\ equal 

F X AB = tfSffw*. 

The quantity Smr' indicates the mm 
of the moments of all the particles in 
the system ; for which sign we use that 
of integration, whence 2 m r' will become 

fr^dm. 

In the last equation F X A B represents 
the moment of the force F with respect 

to the axis A, and f'r^dm the moment 

of inertia of the system with respect to 
the same axis ; the same equation also 
furnishes an equation for the angular 
velocity B, 

Fx AB 

^= fr^dm' 

The calculation of the moment of 
inertia is illustrated in the following 
examples : — 

To find the moment of inertia of a 
straight rod. — Let / be the length of the 
rod, being attached to a fixed axis at one 
end, and x any point in its length. Then 
the moment of inertia of the point x 

will be / x^dx, which, to extend to the 

whole length, must be integrated be- 
tween the litaits of jr= and jr =: /, or 

/ a-'rfjr = J/', which is the moment 

? . 
of inertia of a straight rod. 

To find the moment of inertia of a cir- 
cle rotating about its centre, — In a circle 
whose radius is r take a point at any 
distance x from the axis, which will thus 
describe a circle whose circumference is 
2 n-f (ir = 3.1416), and surface n-x^, the 
latter expression being equivalent to the 
mass of the circle, as it is supposed to 
be very thin; then the differential of 
jr or*, or 2 «• xdxy will express the element 

dm, and fr^dm ss f2irx^dx^=: i^jr*, 

which when x becomes equal to r, 
= -Jirr*, the moment of inertia of a 
circle revolving like a wheel about its 
centre. If the circle be of any thickness, 
it becomes a cylinder, and the result we 
have obtained must be multiplied by the 
length of the cylinder ; if the length be 
7, the moment of inertia of a cylinder is 
iirlr*. 

To find the moment of inertia of a 
sphere revolving about a diameter. --^In 
the accompanying figure, D E is a section 
of a sphere, A X being a diametral axis. 
Suppose the sphere to be divided into a 
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number of thin plates, one of which is 
shown at hb, ^d may be called «fx; C 




a point at the distance r from the axis 
AX, Cc being an elementary portion, 
which we shsdl call dr, so that 6c 
= r -|~ dr. The circumference at the 
point P describes a length equal to 2 w r 
during a revolution, and dm will in this 
be ^ 2irf^drdx, which, inte- 



case 



grated with respect to r := BR and 
r = 0, gives ^ni/^ dx for the moment of 
inertia of the cylinder or small portion 
whose thickness is dx, where ^ = BR. 
To apply this to the whole sphere, we 
shall take the equation to the circle*, 
which gives ^' = 2rx — «*, r being the 
radius AK of the circle or sphere, 
whence y* = 4 a* jr* — 4 ax^ + x*'^ sub- 
stituting this foTi/\ we have ^ n ft/* dx 

3= f wa'j?" — ^irrfjf* + A w*f'which, 
taking x between the limits x ^r and 
X ^ 0, shows the moment of inertia of 
the hemisphere D A E to be -^5 w r*. This 



amount being ftiultiplied by 2 gives the 
moment of inertia of the whole sphere 

4. To find the centre of oiciUaiioH,^-- 
According to the investigation given in 
art. 86, the distance O of the centre of 
oscillation from the axis may be found 
from the general formula— 

fr^dm 

frdm 

Thus the centre of oscillation of a 
slender rod, whose length is /, will be 

-^ 2 

As the centre of percussion is identical 
with that of oscillation, except where the 
body has considerable width in propor- 
tion to its length, the same formula will 
apply. 

5. To find the centre of gyration,'— By 
art. 95 the distance G of the centre 
of gyration from the axis is equal to the 
square root of the moment of inertia 
divided by the sum of the particles in 
the body or system; whence we have 
the following formula : — 



G 



Vfr'dm 
—dnT^ 



Thus, in a straight rod whose moment 
of inertia is I /', 



G 



^/s/Y^^^iP-^Wi. 



In the preceding chapters of this treatise we have endeavoured to give a general 
and simple view of dynamical science, although of necessity much that is valuable 
is omitted on account of the mathematical expressions which would necessarily 
have to be introduced ; we have also omitted those parts of the science of motion 
which connect themselves more particularly with astronomy, the treatise on that 
sublime science comprehending a full statement of those subjects. 

The science of dynamics is of comparatively recent date, nothing having been 
done before the time of the celebrated Galileo. Aristotle, who lived about 320 
years before the Christian era, had indeed attempted to give some laws of moving 
bodies, but they were generally erroneous. From that time nothing was done to 
.advance the knowledge of moving forces for many centuries ; the few who studied 
mechanics after the time of Archimedes (who wrote upon statics) either implicitly 
believed the dogmas of the philosopher of Stagira, or had not sufficient persever- 
ance to investigate for themselves those phenomena which must have continually 
demonstrated to them the incorrectness of their great master's views. Pappus, 
. Cardan, the Marquis Ubaldi, and Simon Stevin, subsequently wrote upon several 
of the principles of equilibrium, the last-mentioned philosopher discovering that 
very important proposition the parallelogram of forces; which, however, he lefl to 
succeeding inquirers to apply generally. We now arrive at the period of Galileo's 
labours in physical science. In a little work on Statics, published in 1592, he laid the 
..foundation of the principle now known as that of virtual velocities ; he afterwards 
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gaye his theory of variable motions, a subject which had been untouched by all the 
philosophers who lived before his time ; he thus found the rate at which a body 
was accelerated in falling towards the surface of the earth. He discovered also 
the principle of the pendulum, it is said through accidentally observins a chande- 
lier swingmg in a cnurch at Pisa ; and founded the theory of projectiles, proving 
that the curve described in the air by the projected body is a parabola. From this 
time the science of mechanics was continually enlarged, either by private investi- 
gation or through the continual efibrts of the scientific men of succeeding times to 
puzde and annoy one another. Mersenne, in 1635, proposed for solution the 
problems of determining the centres of oscillation and percussion in a system of 
bodies capable of moving about a fixed axis. Huyghens correctly determined both 
questions ; in solving the former, he brought out a theorem which subsequently 
formed an important principle in mechanics ; this proposition was, that if a com- 
pound pendulum has described the downward half of its arc of oscillation, and the 
separate bodies of which it is composed were suddenly disunited, each performing 
the remainder of the arc of oscillation with the velocity it had attained in descend- 
ing, the common centre of gravity of these several parts will rise to a height equal 
to that which would have been described by the centre of gravity of the compound 
pendulum. Huyghens is celebrated as the discoverer of the isochronism of a pen- 
dulum when vibrating in a cycloidal curve ; also, he was the first who studied curvi- 
linear motion. Our countrymen Wallis and Sir Christopher Wren, and Huy- 
ghens, about this time investigated the laws of collision, each arriving at the truth 
independently of the others. In 1686, James Bemouilll took up Huyghens* dis- 
puted theorem, and* with the assistance of the Marquis de I'Hopital, established 
the principle in a moving system of bodies called the preservation or conservation 
of living forces {conservftiio virium vivarum)^ which is this : — If we take the sum of 
the products of the masses multiplied by the squares of their velocities, it will be 
found the same at every instant of time. At this period (1687), Newton published 
his Principia, which related more particularly to the motions of the heavenly 
bodies ; investigating their orbits with reference to the new theory of gravitation. 
He demonstrated the principle of the preservation of the centre of gravity, by 
which we understand that the condition of the centre of gravity of a body remains 
unaffected by the mutual action of those bodies; so that whether they act on each 
otKer by any material Interconnection as a lever, or by the attraction of gravitation, 
the centre of gravity will always be at rest or move in a right line. In the same 
work are given investigations concerning the oscillation of pendulums, resistance 
of fluids to solids moving in them, and the theory of projectiles. D'Alembert 
wrote, in 1 743, on mechanics,^and gave the proposition called by his name, which 
is, that if a number of bodies tend to move with velocities and in directions which 
they are compelled to change through mutual action, the motions may be divided 
into two classes — one, which the bodies take, and the other such as would of them- 
selves have kept the bodies in equilibrium. About the beginning of the last cen- 
tury Liebnitz commenced a discussion which excited the combative tendency of 
the scientific world for many years *, the great subject of dispute was, whether the 
force of a moving body should be considered proportional to the simple velocity, or 
its square, the English philosophers maintaining against the Continentals that the 
simple velocity should be taken. Nobody gained the victory. Professor Segner, 
in 1755, discovered the beautiful principle that a rotating body possessed three 
axes which are the principal axes of rotation ; and Coulomb commenced his in- 
quiries on the subject of torsion, a principle which he elegantly employed in seve- 
ral of his scientific inyestigations. Lagrange, in 1788, published his ** Mecanique 
Anafyfique" in which he used the important principle of virtual velocities, but, as it 
requires considerable explanation to make it intelligible, we cannot introduce it here. 
Since the time of Lagrange little has been done for theoretical mechanics ; M. Poinsot, 
in 1834, communicate^ to the Academic Royale des Sciences the results of his in- 
vestigations for simpllQing the explanation of the phenomena of rotation, and other 
branches of mechanical science. In conclusion, we must advise our readers, if 
they desire to become acquainted with the great principles of this science, to malce 
themselves some>|fhat familiar with the nature of mathematical reasoning, and 
particularly with |he principles of algebra, without which little progress, com- 
paratively speaking, can be made in our knowledge of the physical sciences. 
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Chapter I. — Elements of Machines. — 

Wheelwork Pitch Circle and Pitch. 

— Forms for Teeth — their strength, 

— Friction Wheels Shafts and Spin^ 

dies — their strength, — Simple and 
Differential Movetnents. — Gearing 
Apparatus. 

Machines, generally, may be separated 
into a number of working parts, or ele- 
ments, which are common to all ; and, 
in constructing any machine, it is ob- 
viously of consequence that the ele- 
mentary parts of which it is composed 
should be formed and arranged in a 
manner calculated to make the whole 
work together without unnecessary loss 
of power or wear of the material. In 
this chapter it is intended to give a con- 
cise view of the contrivances adopted, 
from calculation and experience, for the 
purpose of transttiitdng forces in a re- 
gular and effective manner. 

(1.) Wheelwork forms a most im- 
portant class of mechanical elements, 
firom its universal utility as a means of 
conveying forces continuously. Wheels 
are adapted in different ways ; the prin- 
cipal being those which act by means of 
teeth and simple friction. 

The term gearing is generally applied 
to toothed wheelwork ; and, according to 
the direction in which the teeth are ar- 
ranged, they are called spur or bevel 
gear. 

In the common form of spur wheels 
the teeth are placed radially on the cir- 
cumference, tne rim being attached to 
the central part, or boss, by arms, which, 
in large cast-iron wheels, are strength- 
ened by a thin web, as a 6c (Jig, 1), 
passing along the sides of the arms and 
the inner surface of the rim. When the 
wheels are small (as pulleys), the boss 
and rim are sometimes conjoined by a 
membrane or plate of metid,- as in the 
figure B, and tnence called plate wheels. 




When one wheel of a pair is much 
smaller than the other, it is called a 

Sinion, and its teeth are called leaves, 
n coarse mill-work a trundle is used in 
place of a pinion. The teeth, called 
staves, are cylindrical (Jig, 2), and fixed 

Fig. 2. 




in two discs, between which the teeth 
of the wheel act upon the staves. The 
form of teeth in this kind of wheel has 
been preferred on account of the smooth- 
ness of their action, as well as their 
strength and the small amount of friction 
incurred; the trundle has been called 
also lantern, and wallower. Pin- wheels, 



MECHANICS. 
1 similar cliaracter 




stTen^h 



occasions, they are frequently found 
convenient form of wheel. 

The teeth are sometimea cut out of 
the rim of the wheel, as Bt C, which ia 
then called a crown, or conlrate wheel. 
Wheels where the teeth are cut oo the 
;r surface of the rim arc called atmtdar 



filed behind the annulus, bo ai to allow 
the pinion to work. In this form of 
whe^ there ia less friction than in the 
ordinary spur wheel- 
In the preceding cases the axes of the 
wheel hare been considered parallel ; it, 
howcTer, frequently happens that the 
axes are inclined to each other. In 
ancient machinery the teeth of wheels, 
whose axes were not parallel, were die- 
particular posed as in the following collective illu». 



wheels ^Jig. A), the radial ai 



ttation {,Jig. Si). The crown wheel and 
pinion {fg. 3), which may be considered 
as a face-wheel and trundle, is used in 
clock and small work to enisle an axis 
to eive motion to another at right angles 
to It. The general practicei however, 
< form the teeth oi both wheels upon 



;, being conical Btufacei, which is termed bevel 
Fig. 5. 
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Qtar, A part or frustum only of the 
cone is required ; and it may be shown 
that two cones, whose apices meet, will 
work together evenly *. The inclination 
of the conic surfaces varies according to 
the direction of the given axes, as in 
Jig, 6. In all cases of a pair of common 




bevel wheels, the axes cannqt be carried 
past each other ; if this be required, it 
1^ simply obviated by the use of an in- 
termediate double bevel, by which the 
relative position of the two principal 
axes may be varied to a considerable 
extent. 

The teeth of wheels communicate 
motion with a sliding or rubbing of their 
surfaces, and consequently create fric- 
tion. This is not the case with wheels 
wliich work by the mere unevenness of 

Fig.l. 



their surfaces in contact. The latter 
touch, practically speaking, in one point 
only, which is in the line joining their 
centres, as in^. 7; and, unless their 
surfaces sb'p, there is no remarkable 
rubbing of their surfaces ; therefore we 
may infer, that in all cases where the 

f>oints of contact of two wheels is in this 
ine there will be no sliding nor friction. 
Wheels of this kind, when covered with 
rough leather, or roughened on their 
surfaces of contact, are very useful in 
small machinery, or where no great 
amount of force is to be transmitted; 
otherwise the constancy of their action 
cannot be depended on. Dr. Hooke 
contrived a form of toothed wheel in 
which the contact is constantly in the 
line of centres, and, consequently, work 
without sliding. This wheel is com- 
posed of a number of concentric wheels^ 
with teeth formed in the ordinary man- 
ner ; they are placed together upon the 
same axis, and arranged so that the 
teeth succeed each other by steps, the 
last tooth of one row being made to 
answer to the first tooth of the next 
row, as may be seen in fig^ 8, where six 

i^ig.8. 





* See Treatise II. chap. 7. 



wheels are represented as combined. If 
another compound toothed wheel, ana- 
logously arranged, be made to work with 
such a wheel, the contact of any pair of 
teeth will be momentally, and therefore 
almost only in the line of centres. If, 
instead of a number of steps, there be 
inclined planes, the wheel may be con« 
sidered to have an infinite number of 
teeth, and the contact will be strictly in 
the line of centres only. Such a form 
is occasionally used; though an objection 
arises from the lateral pressure resulting, 
which increases as the inclination of the 
planes to the axis of motion. 

In forming a wheel, a line is first 
drawn, called the pitch circle^ as A B, 
a bf {fig, 9,) of the working diameter 
required for the wheel, which is the 
basis of succeeding operations. Thii^ 
circle is the working circumference of 
the wheel ; for if two cylinders, having 
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their circumferences equal to the pitch 
circles of any two wheels, were to act 
upon each other by rolling contact (or 
simple friction), their action would be 
eojuiTalent to the action of the two 
wheels working by teeth. Indeed teeth 
may be considered as a development 
merely of the rough surface of the 
wheel acting by friction; for» in the 
latter case, the minute projecting parts 
upon the surface fall into the small 
spaces in the face of the wheel which it 
drives, and thus compel it to revolve. 
The pitch circles of two wheels which 
are intended to work together are thus 
drawn so as to touch. They are divided 
into as many parts as there are teeth 
required in the wheels, each of these 
parts being equal to a tooth and a space, 
or to the distance,^ FP, between the 
centres of two contiguous teeth. PP 
is called the piUsh of the wheel. The 
line Cc is called the line of centres; 
R, r, the pitch radii ; and R', r*, the real 
radii of the wheel. The wheel which 
moves another is called the driver^ and 
the driven wheel thefoUower*, 

The pitch of a wheeP may be of any 
convenient value, provided it be not so 
small that the teeth become too weak 
to bear the forces they are destined to 
transmit. In practice, however, a series 
of pitches are generally used for cast- 
iron wheels; those for the larger de* 



* In the illustiations of mechanical move- 
ments, the driving part and its direction of 
motion will be indicated by an arrow, and the 
driven, parts by an arrow without a feather ; 
thus, the driver •->, and the follower ■ > . 



scription l>eiug 1, 1|, 1^, 2, 2^, 9f 
inches ; and for the small wheels, }, f , 
ir> ft it of an inch. A pitch smaller 
than \ of an inch is seldom required for 
cast-iron wheels. 

The number of teeth in any wheel of 
given diameter and pitch, or tlie pitch, 
or diameter, when the number of teeth 
are stated, may be easily found; for as the 
circumference of a circle is equal to the 
diameter x 3.1416, and the pitch is 
equal to a tooth and a space, it is. 
^diMn«terx8.U16 p^^ t^ls we 

number of teeth 
may find the other quantities when re* 
quired; thus. 

No. of teetli = dian-eter X 8.U16 

pitch 

Diam. of wheel = P'tch X No. of teeth 

3.1416 

For example, if we intended to make 
a wheel two feet in diameter, and with 
100 teeth, the pitch would be 

24 X 3.1416 _ ^^ 
100 ' ' 

or I of an inch pitch very nearly. 

Also, if the pitch was required to be 
1 inch, using the same diameter, the 
number of teeth would be 



24 X 3.1416 
1 



= 75. 



If we required teeth of such a size 
that the pitch would be \ an inch, and 
the number of teeth 120, the diameter 
of the wheel must be 

.5X ^gg-: 19 inches. 
3.1416 

A more readv method is adopted for 
finding the pitcn where it is continually 
required, by dividing the diameter of the 
pitch circle of the wheel into as many 
parts as there are teeth required. This 
diametral pitch is some fraction of an 
inch, and the denominator of this frac- 
tion will thus be an integral number. 
A wheel, for instance, whose diameter 
is 10 inches, and number of teeth 60, 
will have a diametral pith of iJ or ). 
The most useful values of this deno- 
minator, which we may call P, are 3, 4, 
5, 6, 7, 8/ 9, 10, 12, 14, 16, 20; and a 
wheel in which the denominator of the 
diametral pitch is 6, is said to be a six- 
pitch wheel. The following table shows 
the circular pitch corresponding to the 
above measures of the diametral pitch : — 
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Value of P. 


Circular pitch. 


8 


1 inch. 


4 

5 
6 

7 
8 
9 


i » 

i" 


10 
12 
14 




16 

20 
1 


t: 



The circular pitch is obtained by mul- 
tiplying the diametral pitch by 3.1416. 
Tnus a wheel of 20 inches diameter, 
i^rith 80 teeth, would have a diametral 
pitch of gt or ^ ; or it would be a four- 
pitch wheel, and the circular pitch 
^ X 3.1416 = I very nearly, as in the 
table, in which the values are given to 
the nearest sixteenth of an inch. 

The most simple idea of a tootlied 
wheel is that of a wheel having a num- 
ber of straight pieces or spokes projecting 
from its circumference or rim, in order 
to catch similar projections upon the 
circumference of another wheel ; but a 
little thought and acquaintance with 
mechanical science will show that this 
ought to be a subject for consideration. 
As the value of the toothed wheel de- 
peiids upon the shape of the teeth, many 
eminent mathematicians have been led 
to investigate the motion of two wheels 
revolving in contact, in order to deter- 
mine the curve which should be given 
to the face of the teeth, so that they 
may convey the forces most efiectually, 
and produce a constant velocity in the 
driven parts. The most simple curves 
which have been found to answer the 

Fig. 10. 



conditions of the problem are the epicy* 
chid and involute. 

The epicycloid is a curve traced by a 
point on the circumference of a circle, 
rolling over the circumference of another 
circle. The curve apbe (Jig. 10) is an 
epicycloid, drawn by the pencil j» on the 
circumference of the circle B (called the 
getieraiing circle), as it rolb upon the 
circumference of the circle A. From 
the nature of this operation, it follows 
that the arcs ad, dp, are equals 

Again, suppose the circles A and B 
(Jig. 11) to be capable of moving freely 

Fig. 11. 





on their centres A and B, their circum- 
ferences touching at D, and ac^, a small 
epicycloid arc described by the small 
circle C ; a radius Bed drawn from the 
centre of the circle B, through the de- 
scribing point c of the small circle, will 
touch or be a tangent to the curve a b 
at c ; and if we suppose the point d to 
have been at D, when d and a would 
coincide, and, by the revblution of the 
circles, A and B to have moved into the 
present position, the circles will have 
described the arcs D a, D^, in the same 
time. The angle D B c, or D B (/, thus 
described, is at the circumference of the 
circle C, but at the centre of the circle B, 



* The epicycloid may be described by the 
following method : — Draw several circles, as 
B, £, F, of equal radius, touching the circum- 
ference of the circle D C, and take the arcs 
dpt ^9,fh, upon the generating circle, equal 
in length to the arcs rfa, ea^fa, respectively; 
then tiirough the points p, g, h, thus obtained, 
draw a curve apgh. This curve will be part 
of on epicycloid. If an arc af be taken, equal 
in length to one-half the circumference of the 
generating circle, one-half of the epicycloid will 
be determined, and the remaining half may be 
drawn similar to it. 
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which if double the diameter . of the A revolved, push a very small pin/?, fixed 

circle C ; therefore the arc D c is the on the circle B, from the line of centres 

measure of an angle double that mea- A B, to the point p, the small pin, from 

lured by the arc Dd^. Aaain, the radius the principle of the curve, sliding evenly 

D C is nidf the length of the radius D B$ upon the side of the tooth, and the rota- 

therefore the arcs D e and D d are eoual. tory velocity of the circle B constantf. 
As the circle C is the generatinff circle This construction applies to wheels 

of the epicydoidal arc adpt tne arcs or racks working with trundles or pin 

Pa and D e are equal, and the arc Da wheels. In practice, the staves or pins 

equal to the arc D </ 1 or the ratio of the must of course be of some considerable 

angular velochy of the circles A, B, diameter to give them sufficient strength. 



remains constant. 

Wa may now apply these forms to 
the shiq»ing of teetn of wheels. In the 
construction of the epicycloid given in 



and a slight modification of the teeth 
formed on the above principle is requi- 
site ; also, as the wheel may be re- 
quired to move the follower in a direc- 



JSg. 10, we may observe that the circle tion opposite to that already supposed, 

B describes the curve ap with a pin p, the teeth must be curved on both sides, 

by rolling on the circumference of the A wheel, with teeth thus fitted for prac- 

circle A. If both circles be supposed tice, is shown in Jig. 18, where the 

to be fixed, and capable of revolving dotted lines show the teeth, supposing 

upon thear axes, a tooth or projection the pins in t)ie follower to be of insen- 

from the circumference of the circle A, sible diameter; by the reduced teeth it 

and of the length a jti, would, if the wheel may be seen that it is necessary merely 

Fig. 18. 




to cut away a portion of the teeth, suffi- 
cient to allow of the pin working, taking 
vare to preserve the epicycloidai form. 

The teeth of the wheel are described 
upon the pitch circle of the wheel, and 
the centre of the staves are placed upon 
the pitch circle of the follower, so tiiat 
a space below the pitch circle of the 
wheel must be cut out to admit tlie pins 
between the teeth at the line of centres. 



As the epicycloid is a curve much 
more troublesome to draw than a circle, 
arcs of circles are used, which do not 
materially differ from it. Teeth are 
simply described by this method as fol- 
lows: — From the centre of the pin, 
which is supposed to be on the line of 
centres and consequently at the point 
where both pitch circles meet, describe 
an arc a 6, which will be the working 



* From Eve. 20, S ; or Qeom. prop. 14, scribing equal arcs in equal tiroes, proves that 

§ % iii. the required conditions are fiilfilled ; but equal 

f Sosoe writers on this subject have impro- arcs may be described in equal times, and yet 

perly remarked that the &et of two wheels, de- the relative velocity during those times may 
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part of the tooth» and sufficiently proxi- 
mate to the required form. The part 
below the pitch line, being unimportant, 
may be figured as an arc of a circle. 

If this curve be applied to the rack 
and pinion, when the former drives, the 
pinion will have pins or staves, and the 
rack cycloidal teeth, for the surface upon 
which the curve is described is no longer 
a circular but a straight line; and a circle 
rolling upon a level line or base will 



trace, with a point in its circumference, 
a cycloid. When the pinion drives, the 
rack must have pins, but the pinion will 
not here have epicycloidal teeth ; for, as 
the teeth must be described by a point 
in the pitch line of the rack rolling upon 
the pitch circle of the pinion, the curve 
thus drawn will be an involute of the 
pitch circle. (See p. 55.) These forms 
are shown in^g. 14. 



Fig, 14. 





In ati annular whefel and pinion, the 
pinion, if it be the follower, will have 
pins, and the teeth of the annulus will 
of course be shaped according to the 
curve described by the pitch circle of 
the pinion when rolling within the pitch 
circle of the wheel. This curve will be 
a hypocycloid. When the pinion drives, 
the pins on the annular wheel must be 

be changeable. T^is may be simply illus- 
trated by fixing on the circumference of a 
wheel a tooth T (Jig. 12), the fece ap being 

Ftff. 12. 



fixed on its face, and the teeth of the 
pinion formed by the rolling of the 
wheel's pitch circle upon the pitch 
circle of the pinion. 

When both driver and follower are of 
the same dia<neter, the smallest numbers 
of teeth and pins which can be employed 
are eight in each wheel, tlie pins or staves 
being not less than half the pitch. Under 
the condition last mentioned, the follow- 
ing table shows the least numbers of pins 
in a wheel driven by a pinion, and a 
pinion driven by a wheel, with the cor- 
responding number of teeth : — 




Teeth 


Pins in 


Teeth 


Pins in 


in pinion. 


wheel. 


in wheel. 


pinion. 


7 


14 


14 


7 


6 


12 


12 


6 


5 


15 


25 


5 


4 


24 







cut of an epicycloidal form, according to the 
principles given above ; and arranging another 
wheel with a projecting pin p. If the wheel 
A revolve, the tooth T will push against the 
pin p, and turn the wheel B with a constant 
velocity, as may be practically demonstrated 
by drawing a number of radii on each wheel, 
as A a, A 5, Ac; and each successive pair 
will coincide with the line of centres B A at 
the same time, in the course of revolution. 



A rack may be driven by a pinion of 
four teeth ; if the rack drives, the pinion 
must have at least five pins. 

The epicycloid generated in the man- 
ner shown in^, 11, is very generally 
applied to the formatfon of the teeth of 
wheels. A pair of wheels, with teeth 
drawn aSter this manner, is shown in^. 
15, the pitch circles of the wheels being 
supposed to touch at D in the line of 
centres ; that part 6f the tooth outside 
the pitch circle, as Da, is called the 
■face, and that within, as De, the Jlank; 
the flank of a tooth is a radi&l line, and 
the face Da an arc of an epicycloid 
formed by the generating circle DAB; 
which is of a diameter equal to one<^ 

e2 
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Fig. 15. 




hair the diameter of the wheel B; the 
teeth of the wheel B are similarly 
formed, their generating circle being 
Dg A, equal in diameter to half the 
diameter of the wheel A. In the mo- 
tion of such a pair of wheels the con- 
tact commences between the flank of 
the tooth at c of the lower wheel, and 
the extremity of the tooth / of the fol- 
lower, and ends when the teeth arrive 
at the position a, d, when the end of 
the tooth a presses against the flank of 
the tooth d» It may be seen that the 
line of contact from c to D is tlie gene- 
rating circle Dg A, and from D to </ the 
generating circle D h B. 

This method of describing epicycloidal 
teeth has one disadvantage, that a wheel 
will not work fairly with another of 
lesser or greater diameter than the wheel 
with which it was made to work ; this 
plainly appears from the construction. 
But it frequently occurs that a wheel is 
intended to drive several wheels of vari- 
ous diameters, and an inequality of mo- 
tion must arise from such a combination. 
To obviate this inconvenience it has 
been proposed to employ a constant 
generating circle, so that wheels of dif- 
ferent diameters, but whose teeth are 
traced by a constant describing circle, 
will correctly work together. 

When toothed wheels drive, or are 
driven by, pinions with teeth, there is a 
limit to the relative number of teeth 
which can be employed, viurying accord- 
ing to the length of the arc of action or 
contact Dr from the line of centres. 
When the action of the teeth com- 
mences at the line of centres, and the 
preceding tooth is breaking contact, the 



arc of action is equal to the pitch ; if it 
be } or 2 of the pitch, there is an arc of 
action equal to ^ or } of the pitch before 
the line of centres. Thus we have the 
following table"*: — 







Least No. of teeth in 




Naof 
teeth in 
pinion. 


wheel. 




Wheel 
drives. 


Pinion 
drives. 


■ 


5 

6 


Impossible 

• • • 


Impossible 
176 




7 


• 
• • • 


52 




8 


• • • 


85 


Arc 
action 
» pitch. 


9 
10 
11 
12 


• • ■ 

a rack 
54 
SO 


27 
23 
21 
19 




13 


24 


18 




U 


20 


17 




15 


17 


16 




16 


15 


• • • 




3 

4 


Impossible 

• • • 


Impossible 
35 


Arc of , 
action 
« \ pitch. 


5 
6 

7 
8 


• • • 

• • • 

31 
16 


19 
14 
12 
10 




9 


12 


10 




10 


10 


10 




2 
3 


Impossible 

• • • 


Impossible 
36 


Arc of 


4 


• • • 


15 


action 


5 


• •• 


13 


» § pitch. 


6 

7 


20 
11 


10 
9 




8 


8 


8 
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When a wheel drives a pinion, the In practice, teeth are not so long as in 
latter should have at least eight teeth or our figures ; but the length of the tooth 
leaves, and when a pinion drives a wheel is an important circumstance. The part 
the former should have not less than six of the tooth which extends beyond the 
teeth, eight or nine working better. The pitch circle is sometimes called the 
ratio of the number of teeth on a wheel addendum^ and is that to which the 
and pinion should never exceed the ratio peculiar curve is given ; in general, an 
of one to six ; if a wheel makes any num. addendum of ^ of the pitch is employed. 
ber n of revolutions per minute, and the The following figure exhibits part of the 
pinion be required to make a certain form of a pair of wheels of common con- 
number of revolutions N per minute, struction, a c is the pitch, or a tooth and 

ji^ ^ a space,- de the addendum; the usual 

the proportion n : N : : 1 : — gives the proportions of the different parts of the 

^ _ arrangement are as follows : — 

ratio of their velocities, which is 1 : - ^ ^, or the depth to the pitch Une « A piteh- 

1 « « » X « ^/' ®' working depth ....■»%„ 

if this be not greater than 1 ;?orl to 6, d^, whole depth « A « 



s=s A 



ir « 



a single wheel and pinion will be suffi- a b, thickness of a tooth 

cient. ^ c, breadth of space = fr w 

Fig. 16. 




By this it appears that the breadth of from p. 47, are frusta of cones which 

the tooth is tt of the pitch less than the are supposed to roll upon one another, 

space, to allow the teeth to move freely their apices meeting in one point, 
in the space; also, -^ of the pitch is It appears, in^. 17» that if the cone 

allowed, to prevent collision between B roll upon the cone A C D, the apices 

the tops of the teeth and the bottoms of both meeting at C, the curve cpb 

of the spaces. For wheels having less will be traced by a point p in the cir- 

than fifteen teeth, an addendum of fj cumference of the cone B, coinciding 

of the pitch is not sufficient. In some with the surface of the sphere A D E ; 

of the limiting cases given in the table this curve is called a spherical epicycloid, 

(p. 52), the addendum required would nnd is the form required for the teeth, 

be from about -^ to ^ of the pitch. In The problem is, however, much simpli- 

dock and watch machinery, the adden- fied by considering that the portion of 

dum allowed to the driver is .36 or f of the curve which is necessary to form 

the pitch, and to the follower .24 or a tooth being very small, the tangent 

nearly ^ of the pitch. A F to the sphere may be taken for the 

We shall now notice the application curved surface of the sphere, not sensi. 
of the curve to the formation of the bly differing ; and the teeth may be de- 
teeth of bevel wheels, which, as we see scribed upon the surface of the tangent 
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cone A F D instead of the surface of with respect to the other cone B. By 
the sphere. The same may be done developing the surfaces of these tanfien't 

cones, that is, drawing circles equal in 
radius to the sides of the cones, teeth 
may be drawn upon the circles as for 
spur wheels. This simple method wa^ 
applied by Tredgold*, and is shown in 
the following ^;ure. B C, CD are 
frusta of the cones BAG, CAD, upon 
which the teeth are purposed to be 
made ; perpendicular to A C, the line of 
contact, draw the line E F, meeting the 
axes of the cones at E and F; B E C 
and CFD will be the tangent cones; 
then with the. radii E C and F Q describe 
the circular arcs C R and C G ; these 
arcs will be (he deireloproent of ch0 sur- 
faces of the two tangent cones* upon 
which the teeth may be figured, as 
though intended for a spur wheel ; 
the arcs C R, C G of course represent- 
ing parts of the pitch circles. Patterns 
may be cut out of thin copper or other 
pliable substances, agreeably to the forms 
determined for spur wheels, and attached 
to the conical surfaces Bp, D J, for a 
guide in cutting the teeth. The form of 
the interior extremity of the teeth may 
be found by a procedure analogous to 
that already shown. From e draw ec 
parallel to A E, and with the radius E c 
tlie pitch circle e r may be described. 

The application of the involute of a 
circle to the formation of teeth has been 
mentioned in a preceding treatise f. 
The involute of a circle is a curve de- 
scribed by the end of a string unwinding 

^ig. 18. 





* BuchananV TreRti«e on Millwork, pnge 68 (1841). I Mechaiiico, Tr. II., page 2D. 
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from the circumference of a circle. By 
this construction the whole tooth is 
formed of one curve, as in^. 19. Dr. 
Young appears to prefer this form to the 

Fig. 19. 




epicycloid^. A pinion with involute 
teeth will work with a rack having teeth 
8traight-sided and inclined to their pitch 
line. Dr. Young savs that the proper 
form for the teeth of a pinion driving a 
rack ts the involute ; they work steadily, 
as the leaves so curved exert a small 
downward pressure upon the rack. To 
the use of teeth formed upon this prin- 
ciple there is, however, an important 
objection, which ** is founded upon the 
obliquity of their action, by which a 
mucn more considerable divergent pres* 
sure is thrown upon the axes than in 
the other forms of teeth. The action of 
eptcycloidal teeth is, in fact, perpendi- 
cular to the line of centres at the instant 
of crossing it, but that of involute teeth 
is constantly in the direction of the com- 
mon tangent of their bases (as Tt^fig, 
19), and is therefore oblique to the line 
of centres. This injurious property is 
balanced by the advantages that a varia- 
tion of the distances of their centres 



does not destroy the action of the teeth, 
and that any two wheels of the pitch 
will work together; but this last pro- 
perty .... is possessed by some ar- 
rangement of the epicycloidal teeth (p. 
52). In smaller machinery, constructed 
rather for the modification of motion 
than for the transmission of force, this 
oblique action ceases to be objection- 
able, and the other advantages of invo- 
lute teeth will recommend them in pre- 
ference to all others." f 

The curves which have been described 
in the preceding pages, as most proper 
to be given to the teeth of wheels, are 
only approximated in practice. The 
comparative facility with which *an arc 
of a circle may be drawn is so great, and 
the difference between such an arc and 
the true curve in the length of a tooth 
so practically imperceptible, that circular 
arcs are used for the purpose. In doing 
so, however, it is of ereat importance to 
determine correctly the radius of curva- 
ture and the position of the centre for 
the circular arc. Euler, who wrote an 
intricate investigation of the subject, was 
the first who proposed arcs of circles as 
sufficiently accurate for the forms of 
teeth. By following these suggestion^ 
Mr. Willis has succeeded in construct- 
ing an instrument for drawing the teeth 
of wheels by arcs of circles, which he 
calls somewhat improperly the odontO' 
graph (or tooth-drawer), of which the 
following diagram represents the prin- 
cipal part ; it^ is half the size of the 
original, and may be made of card or 
thin metal. The side CT makes an 
angle with A B, so that B T C a» 75°, 
which was found from calculation to be 
the best adapted to give a proper posi- 
tion to the centres for the arcs, and each 
of the divisions on the edge of the in- 
strument is iti^h of an inch. 

The use of the odontograph may be 
seen from the following example : — 



* Lectures on Nat. Phil., page 135 (1846). f Willis's Principles of Mechanism, p. 116. 
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Tables showing the Place of the Centres upon 

THE Scales. 







Centres for the Flanks of Teeth. 














Pitch in inches. 
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Suppose it were desired to draw the of the particles ; and, by the principle 

teeth for a wheel of 40 teeth and I inch of the lever, the power P produces a 

pitch. Describe an arc of the pitch greater eJQTect in overcoming the cohe- 

circle A B (/g. 21), and take B D equal sion the greater the length of the arm 

-,. F B, the point F being the fulcrum. 

'^'^* '^ • The greatest strain will be along the 

Fig. 22. 





w 



F 




to the pitch, bisecting it at b ; then to 
draw the flank be, apply the edge CT 
of the instrument to the radius C B, the 
point T being on the pitch circle at B ; 
and by the table giving the centres for 
the flanks opposite 40, and under the 
column for 1 inch pitch, we find 15; 
therefore the point a, which is at 15 on 
the scale for the flanks, will be the 
centre from which the arc be must be 
described with the radius db. For the 
face ab yre find in the table of centres 
for the faces against 40, and in the 
column for I inch pitch, the figure 8; 
then applying the edge T C of the in- 
strument to the radius CD, take the 
point e, upon the scale for the faces, at 
the eigjith division, and with the radius 
e b describe a b. The other side of the 
tooth may be similarly drawn by re- 
versing the instrument. 

In setting out the teeth of wheels, 
attention must be paid to the work for 
which the wheel is intended. It is 
generally a point to have the pitch as 
fine as possible ; but as the thickness of 
the teeth is determined by the pitch, it 
is evident there will be a limit to its 
fineness. This thickness must be such 
as to prevent the possibility of any tooth 
breaking in the performance of its work. 
A tooth may be considered as a beam 
fixed at one end, and its strength calcu- 
lated accordingly. Thus let A B ( fig, 22) 
represent a tooth which is strained by the 
weight attached at the end B; this 
weight will have a tendency to break 
the tooth at some part, suppose E F ; 
the resisting force will be the cohesion 



upper part ED# By the principles of 
the strength of materials* the strength 
of the tooth is as the square of 
its depth, or as E F^ and from what 
we have said, inversely as its length. It 
is also as the breadth E D, which some 
consider should be to the length as 

2 to 1. When in motion, the stress 
upon the teeth is inversely as the ve- 
locity; so that a tooth moving at the 
rate of 6 feet per second has a stress 
one-half as great as though it moved 

3 feet in the same time. It is advisable, 
however, not to exert upon a tooth much 
more than one-tenth of the force which 
it is able to sustain. 

(2.) Shafts and spindles, the technical 
names for the axes or axles of wheel- 
work, are made generally of iron. Where 
wooden shafts are used, a gudgeon, or 
arbor, or spindle, has to be attached to 
the ends, upon which the shaft turns. 
There are two methods of fixing these 
gudgeons to the end of a shaft. One is 
called the cross-taiUd (Jig, 23) gudgeon. 

Fig, 23. 





made of cast-iron, and let into the end ; 
a hoop is then driven on the end of the 
shafl to make the whole firm. Some- 
times the hoop is cast along with the 
gudgeon, which is a preferable arrange- 
ment. Another plan of fixing the 

* See the subsequent chapter on this subject. 



■iidgMO >»to h4v« • cwt.lron box, *««□ end of the thaft, having a fiaoge C C, 
|U taction BB(Jig. 34), firmly fitted to the Bod four ootcbei n, », to ftdmit the cn»f- 




arms oflhegudgean when placed in their 
proper position. Tlieae arms are fixed 
by four bolt icrewg D, D, D, D, to 
■trenglhen the hold of the cross-arms. 
There are four projections, twoof whfch 
are shown at m, m, fitline into the spaces 
N, n, and which, with the screws, hold 
the gudgeon firmly to the shaft. 

Cast-iron shafts are either hollow or 
solid cylinders. The former are lighter 
than aolid cylioders, and stronger than a 
solid cylinder of the same weight and 
length ; but the trouble and expense of 
making theni is so great that, nnless of 
very large diameter, the shaft* are cast 
eolld. Solid shafts are made of a fea- 
thered or n square form, the latter being 
universally used on account of its 
simplicity, and is found as useful as 
any oilier description of solid shaft. 
Gudgeons and shafts are made as small 
as is consistent with the strength required 
to avoid unnecessary weight of material, 
and consequent strain and (Viction. 
Wrought iron possesses much more co- 
hesive power, and is consequently more 
serviceable for gudgeons or axles than 
east iron ; but the facility with which 
the latter kind can be moulded into the 
required form, and its cheapness, recom- 
mend it generally in practice. The 
strength of a solid cylinder to support 
a weight (as a wheel) being as the cube 
of its diameter, and a cylinder of 1 inch 
in diameter Is considered capable of sus- 
taining a hundredweight, we have the 
following table (according to Buchanan) 
of the weights sustained by solid cylin- 
ders of cost iron, of different diameters, 
used as shafts or spindles ; in the third 
column are given the requisite diameters 
of gudgeons of wrouglit-iron, corre- 
sponding to the same weights. 



Diameter 
■a iQcbH. 


Weight 
■uilained. 


DUIn.l^fw^o^lgll^ 
iron gudgeon of 
naio Wrength. 




lbs. 




i 


14 




1 


47 




1 


112 


.64 


u 


2181 


1.0S 


ll 


8771 


1.2S 


li 


MOi 


1,61 


2 


898 


1.71 


2i 


1276{ 


1.91 


2i 


17471 


3.15 


n 


23291 


2.35 


3 


S024 


2.67 



(3.) Simple and Diffefenlial Mote- 
mentt. — In combining the elementary 
parts of machine*, it Is frequently re- 
quired to effect an alteration In the di- 
rection or velocity of motion, as from a 
circular to a rectilinear motion, and from 
a uniform to a variable velocity. This 
is effected in vnrious ways' by simple 
combinations, which are highly inter* 
esting features in modern machinery. 
Few were known and required in the 
earlier times of mechanical invention i 
but the variety of machines constructed 
of late years caused a great number of 
these elementary combinations to be 
devised. 

In a former treatise several methods 
of changing the direction of motion were 
given". We shall here describe pome 
of the later and most useful contrivances 
for this purpose. Those combinations 
which are intended to communicate 
motion simply, or to produce a change, 
constant or tariable, in the diredioa of 
movement, may be classed as follow r — 

* Hechanici, Tr. II., cbap. 13. 
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). Bectiiinear movement producing 
reetilinear or curvilinear movement. 

2. Curvilinear movement producing 
rectilinear or curvilinear movement. 

1. Rectilinear producing rectilinear or 
curvilinear movement. — Amongst this 
class of movements the lever and its 
combinations are simple and universal 
means of changing the direction of mo- 
tion. Its action is, however, not con- 
tinuous, as in the case of a wheel. The 
bell-crank lever (^g. 25) is a very useful 

Fig, 25. 




contrivance, by ^hich an alternate rec- 
tilinear motion is produced at right 
angles to another rectilinear movement. 
This was used by Watt in his earlier 
steam-engines, to regulate the supply of 
steam to the cylinder of the steam- 
engine. 

A rectilinear may be converted into a 
circular movement by means of the 
crank and connecting rod (Jig. 26), 

Fig, 26. 
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Id 



which is a very useful, and generally 
■adopted, invention. The upward mo* 
tion of the rod A causes the end D of 
the crank-rod R to describe a semi- 
circle from a to 5, and the subse* 
quent downward motion makes the same 
end D complete a revolution. It may 
be deduced, from the nature of tins 
action, that there are times when the 
crank-rod R is exerting no available 
power upon the crank, which occurs 
when the crank is in the positions Ca 
and C b, or in a line with the crank-rod ; 
and that there is most circumvolving 
power exerted, as regards the crank, 
when the crank is in a line with De/. 
Any effort made by the crank- rod in the 
direction bA will therefore injuriously 
affect the stability of the axis C, and 
tend to tear it from its bearing or pillow, 
Again, the crank-rod H Is incapable of 
conveying all the force which is applied 
to It when in any other position than 
the line 5 A; and its worst position iii 
this respect is that shown in the dia- 
gram, or its opposite point d\ Much 
discussion has arisen on this subject 
from the universal use of the crank and 
rod in the steam-engine as a means of 
converting the reciprocal movement of 
the piston-rod into a circular motion. 
Many contrivances have been made 
with a view to reduce or to annihilate 
this Irregularity of action ; but few have 
been adopted, in consequence of either 
possessing no capabilities superior to the 
crauk and rod, or on account of their 
complexity. This latter is a most 
powerful objection in practical me- 
chanics, though on many occasions too 
much disregarded by inventors ; the 
crank and rod have therefore continued 
to hold their place as a most useful con- 
verser of motion. 

A rack and pinion will produce a cir- 
cular from a rectilinear movement, and 
vice versa. A common bow drill affords 
an example of the same description of 
conversion. It is a very simple and 
serviceable instrument in small manu- 
factures. A cord, stretched tightly by a 
steel bow, is wound once round the 

Fig. 27. 
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See Dynamics, chap i. art. 27, 
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drill itock (Jk- 37), and when motion i( miaeiit place, as being U ooce b 

pvta by the Rand to the bow, the drill elegant, and capable of much lar: 

rovolTes vety rapidly. so aa to produce the effect requiTed. 

2. Curvilinear pradiieing rectiiiTuar or The common eccentric, used in the 

amilinear mocetacnli. iteam- engine for regulating the supply 

Tliere are a great number of con- of itSam to the cylinder, is composed of 

tfiTances fot these purposes, amongst a wlieel (_fig. 28) turning upon a shaft 

which the eccgntrie wheel holds a pro- m axis A, which does not pais through 

Fig. 28. 



its centre ; a stnq> S S fitted to woA stationary. Where a uniform velocity 

easily on the circumference of the wheel; is required, the form of eccentric slioirn 

•nd the arm, M, fixed to the strap, in Jig. 30 may be used. For its con- 

whicb works with an alternate recti- struciion see Telocity movements (page 

lioear motion. 65). This description of conversion 

Anothetformoftheeccentricisshown may be readily obtained by the use of 

inj^. 29, where it is supposed to give pins working in slots. Figt. 31, 32, re- 



Fig. 29. 




rectilinear motion to the frame . 
while revolving about the centre C, 
these cases the motion of the rod ot 
frame is not uniform, 
with a small velocity, wliicli rapidly 

then similarly decreases until the re- 
mwnder of the semi-revolution is com- 
pleted, when the rod is fot a moment 
Fig. 30. 



o 



Fig. 31. 




present two forms : in the first the 
wheel W has a pin fixed in it, moving 
in the slot S S, cut in the vertical lever, 
which gives rectilinear motion to the 
rack beneath if b^ means of a toothed 
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arc of a circle, or imperfect pinion. The 
second form is sometimes used in small 
steam machinery; if RR be supposed 
to be the piston rod, by its alternate 
motion it will push the crank B C up and 
down ; and as the latter can move only 
in a circular path, which is allowed for 
by the slot, it will cause the fly-wheel A 
to revolve. Otherwise, if the wheel A 
be turned by handle, or otherwise, it 
will give an alternate rectilinear motion 
to the rod R R. 

In some machinery, as the tilt and 
forge hammer, and stampers, a weight is 
required to be successively raised and 
let fall upon the object to be hammered. 
For such purposes the cam is a very 
useful movement. The common forge 
hammer is worked by a cam C (Jig, 33) 

Fig. 33. 




composed of four teeth, or wipers, which 
in revolving push against the foot or 
helve B of the hammer, alternately 
lifting the ponderous mass and letting it 
fall suddenly on the substance placed 
upon the anvil A. 

Where a varying rectilinear motion is 




required, the principle of the cam ar- 
rangement, shown in^g. 34, is very use- 
ful. The wheel W, turned by some 
motive power, carries on its face the 
system of cams C C, upon the edge of 
which rests the rod R, receiving a recti- 
linear motion. The up and down paths, 
described by the end of the rod during 
the revolution of a wheel with cams 
similar to those in the figure, is exhibited 
in the accompanying vertical lines. A 
velocity, either constant or variable, 
may be given to the rod by properly 
varying the radii of the different parts 
of the curve. (See p. 65.) 

A continued alternate motion is fre- 
quently required in machinery, and many 
ingenious contrivances have been applied 
to planing, printing, and other machines 
for this purpose. A very simple traverse 
is obtained by using a frame F F (Jig. 
35), lined on two opposite inner sides 

Fig, 35. 




with teeth as far as is requisite, with 
which the leaves of a pinion P, which 
is toothed round nearly half of the cir- 
cumference, work alternately. If too 
much of the circumference of the wheel 
is toothed, the extreme teeth will push 
at the same time against the teeth of 
both racks, and woiOid break some of 
them ; the extreme tooth on one side of 
the pinion should break contact with 
the working rack at the moment or a 
little before contact begins between the 
other extreme tooth on the other side 
and the opposite rack; that is, sup- 
posing no cessation of motion is re- 
quired, which would be for a length of 
time, according to the arc described by 
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the pinion between the tnonwnti of A useful teTcrting moiian Is repre- 
bmking and making contact. sented to fig. 36. The wheel A is ibe 



driver, HCtlna upon one end of the crank- in alternate direecions by a simple n 
rod R, vhich can be adJiiaCed by means versing motion, and, wliile so doing, i 
of a sliding bush in the groore a, at any «- a- 

distance from the centre of the wheel ; rig.ai. 

this rod works the crank C, on the axi« A- A 

X. of which the sector S is Hxed. Tlie 
wheel revolting with the end a of tlie 
crank-rod, will produce an upward and 
downward motion of Che crank, varying 
in extent according to the diatnnce from 
the centre of the wheel at which the end 
a of the rod is fiiod. The sector S will 
thus describe the arc of a circle back- 
wards and forwards, and may move n 
horizontal table eHiier by teeth or chainc. 
This arrangement is used in one of 
Messrs, Carmicliael's pinning machines. 
The contrivance shown in the follow- 
ing figure is one patented by Mr. Whit- 

worth some time since, and used by that \ , , i * 

gentleman in some of his planing ma- 
chines. It consists of two discs, D D, 
capable of revolving round their axes 
aa, which rest in the bearings B B, 
firmly fixed to the under side of the 
work table A A. The circumference of 
each disc has a flange extending facially, thread pushes against the flanges of the 
whicli works between the. threads of a discs, which revoive and carry the table 
■crew S, This screw is made to revolve along oimta bearings i all friction is here 
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removed to the axes of the discs, and 
to avoid the friction arising from the ve- 
locity of the screw-thread being greater 
at different distances from the centre of 
the screWf the thread of the latter and 
the flanges of the discs are bevelled. 

An elegant combination was proposed 
by Mr. White, for producing a rectilinear 
from a circular motion, and since used 
by Prof. Wheatstone in his photometer. 
It consists of a pinion, P (Jig* 38), work- 

Fig. 38. 





ing with an annular wheel, W, which is 
twice the diameter of the pinion. The 
wheel being fixed and the axis A turned, 
the pinion P will have a motion of trans- 
lation, and, as it works loosely on its axis, 
«, the contact of its teeth witli those of 
the wheel will cause it to revolve on its 
axis, any point, asp on its circumference, 
describing the right line b c. The neces* 
sity of this result is demonstrated in the 
second Treatise on Mechanics, p. 58. 

The combination of rods called the 
parallel motion, used by Watt in his 
steam-engines, is shown in the two dia- 
grams (J^» 39), the arm A B represent- 
ing a part of the beam of a steam-engine, 
and R the piston-rod. In the horizon- 
tal position (1) the point B will be in 
the same straight line with the rod R ; 
but, when the beam has been pushed 
upwards, it would draw aside the upper 
end of the rod into the oblique position 
seen in the dotted lines (2), but for the 
arrangement BD, Ctf, aD, a3, the three 
first rods with part of the beam forming 
a parallelogram, and eacli rod freely 
rounding the joints at its extremities. 
The rod ab is attached to the corner a 
of the parallelogram and a fixed beam at 
b, so that, when the beam tends to pull 
the piston-rod inwards, the rod ab simul- 
taneously pulls the lower side of the 
parallelogram outwards, and thus insures 




a nearly rectilinear motion to the piston- 
rod ; the real path described by the point 
D being a curve somewhat similar to the 
figure 8. 

The screw and lever is used with great 
effect in machinery, such as coining, 
stamping, button-making machines, and 
printing presses, for converting a circular 
motion into a rectilinear ; by this method 
great power and regularity may be ob- 
tained. 

For the conversion of circular into recti- 
linear motion, the direction being simi- 
lar or different, toothed wheels and fric- 
tion-wheels are generally used. In the 
latter case, when a pair is some distance 
apart, the connection is effected by means 
of a band of leather or gutta percha. 
The band thus works by simple friction, 
and is a safer method of communicating 
motion than toothed wheels, for, should 
any obstruction to the motion occur, the 
band slips and prevents a fracture ; but 
with toothed wheels the motion must 
continue, if the motive power be suf- 
ficient, until the resistance be overcome 
or the machine broken ; the band is also 
particularly serviceable where the power 
is required to be suddenly connected 
with and disconnected from the ma- 
chinery. Whem the nfotion communi- 
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cated is to be in a direction parallel with 
that of the driver, the strap is simply 
laid over the friction-wheels or drums, 
as in^. 40 (1) ; when in the opposite 

Fig. 40. 






direction, the band is crossed (2) ; the 
latter method of disposing the band is 
the most economical, as may be demon- 
strated*, for the tension of the band is 
not required to be so great as in the first 
arrangement, there being much more 
surface exposed to the action of friction, 
and the power necessarily expended in 
overcoming the friction of the axles will 
consequently be less. The band wheels 
should have their circumference slightly 
rounded, as in the figure, in order to re- 
tain the band on the wheel, as it is a 
property of bands running over wheels 
or pulleys to incline towards that part 
which is of the greatest diameter. An 
endless band can be made to transfer 
motion in every possible direction with 

Fig. 



respect to the driving pulley or drum ; 
but in practice very long bands, when 
working a number of pulleys, are found 
to be troublesome. In printing ma- 
chinery small endless bands or tapes 
are used to carry the sheets of paper to 
be printed over several drums or cylin- 
ders to receive impressions from the form 
of types prepared for that purpose. In 
some printing machines the number and 
arrangement of the tapes are surprising. 
(See next chapter.) 

In machinery where no great amount 
of power is transmitted the buff-wheel, 
or a wheel truly turned and covered on 
the circumference with buff leather, will 
drive another wheel similarly armed very 
smoothly. 

2. Velocity Comhinationt, — We shall 
here describe a few of the contrivances 
used for giving variable velocities and 
intermittent movements. 

Combinations of toothed wheels are 
commonly used for producing difierent 
rotatory velocities ; thus, when a wheel 
of 72 teeth drives another of 36 teeth, 
the latter will move with double the ro. 
tatory velocity of the driver. The re- 
lative sizes of a pair of wheels of any 
description required to produce a given 
ratio of velocity, may be most readily 
determined ; as the circumferences of 
circles are as their diameters, the latter 
must be in the ratio of the velocities 
sought. If a wheel, for instance, of 3 
feet diameter, revolving once in two se- 
conds, be the communicator of any mo- 
tive force, and we desire to drive an axis 
at the rate of 3 revolutions in a second, 
the ratio of their velocities is 1 : 6, or ^ 
which will be the ratio of their dia- 

41. 




* See Moseley*8 Mecb. Principles of Engineering, p. 245. 
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melere ; so that a pinion of ^ x 36 = 6 
inches diameter must be used. The 
- same rule apphea to wheels working by 
simple friction or banils. The velocities 
thus given by circular wheel.work is 
stant during the whole time of ac- 
1, but if a varying velocity is wanted 
entries or cams are used, the prin- 
ciples of which, beit)g highly interesting, 
will be subsequeqCly explained. 

A method of gradually varying velo- 
city is the pair of friction cones used by 
rope-spinners (^.41). It consists of 
two cones connected by a crossed strap ; 
the lower cone, A B, being driven by 
some motive power, communicates a ve- 
locity which varies with the position of 
the strap, if it be at the end A, or base 
of Ihe lower cone, it will pass over that 
end b of the driven cone which is of the 
smallest diameter, consequently the ve- 
locity of the upper cone will be a maii- 
mum; if the strap be shifted to the 
middle position, as in the figure, the ve- 
locity of both cones will be equal ; and 
if the ends A« be used tlie velocity of 
a b will be a minimum. 

In the lathe and other machines these 
cones are reduced to a number of pul- 
leys, as in Jig. 42, and are called ijteed 
Fig. 42. 



ping o£f when at work. The velocities 



and A, B, C, D, E, M 

respectively 2, 3, 5, 7, inches in dia< 
meter, and the axis P to revolve 30 times 
in a minute, then the ratio of the dia- 
meters of any pair, multiplied by the re- 
volutions per minute of the driving pul- 
ley, will give the number of revolutions 
per minute made by the follower or 
upper pulley. Thus when A and e 
work together the former will revolve 



ix» 



; idril 



by D will revolve ^ x 30 = 12« ti 
by C, both being equal, J x 30 ^ 3« 
times 1 i by D, J X 30 = 70 times i and 
aby E, ;x30=lS5 times, per minute. 
The eccentric movements mentioned 
in tlie preceding pages, aflurd an infinite 
variety of variable velocity combina- 
tions. According to what has been 
already remarked, the velocity of the' 
parts of a revolving wheel will be pro- 
portional to their radii or to tlieir dia- 
meters, so that if we tiikc the case of a 
common eccentric wheel, the relative 
rate of the rod's motion at any moment 
is according to tlie length of the radius 
acting at that moment. Thus the com- 
mon eccentric wheel gives a variable ve- 
locity to the rod, because the radii drawn 
from the centre of motion to the circum- 
ference do not decrease or increase regu- 
larly. If a cam or eccentric be con. 
structed so that the radii shall vary regu- 
larly, it will give a uniform velocity to 
the rod. This explains the formation 
of the eccentric shown in ^.30. Draw 

Fig. 43. 



any circle, as AB, and divide it into a 
pulleyB. The arrangement in the figure number of equal arcs; and having de- 
would be Hid to have live " spe«U," termined on the eccentricity of the 
each reduced cone consisting of five gra- wheel, or the distance of the traverse, 
datory pulleys, the surfaces of which are which will of course be equal to the 
Goavex to prevent the strap from s1ip> difTereoce between the least and greot* 



66 



MECHANICS. 



est diameterg, measure the former on Fig, 45. 

one of the radii, as C 8, divide the re- 
maining part of the radius A 8 into as 
many parts as there are divisions in one 
half of the circle, and dravr the lines 
1 — 15, 2 — 14, and so on ; the line drawn 
from A through the points thus obtained 
will be the curve required ; by drawing 
similar lines on the other half of the 
circle, the heart*wheel may be com- 
pleted. It is obvious from the con- 
struction of this eccentric wheel, that 
the rate of motion of a traverse moved 
by it may be uniform ; again, by giving 
a sufficient variation to the length of 
the radii, a great variety of rectilinear 

motions may be obtained, ^ j v . , . i 

Mr. Wright ingeniously uses several ^ - u ™»^*""°* ?**y ^ 81T«" *^ "^t- 




kinds of eccentrics in his patent pin. 
making machine. 

A pair of elliptic wheels, their axes 
being in one of their foci, will work to- 
gether and produce a velocity varying 
as the eccentricity E/ {Jig, 44), the 
ratio of their velocities at any moment 

will be -T^, or the ratio of their act- 
C F 

ing diameters. 

Fig. 44. 




A method of transmitting motion in a 
manner similar to the preceding was 
used in some printing machines; the 
wheels were toothed, but not really ec- 
centric (Jig. 45). 

A very useful arrangement for obtain- 
ing an adaptative velocity consists in ap- 
pMng a buff-wheel to work on the face 
of another, as in^g. 46 ; the velocity of 
motion of the face wheel A will be at 
the centre, and a maximum at the cir- 
cumfi^rencei so that all velocities between 



driven wheel by varying the distance of 
the point of its contact from the centre 

Fig. 46. 




of A. M. Morin has made use of this 
combination, at the suggestion of Mr. 
Poncelet, for some experiments on the 
traction of carriages ; to the axis a was 
attached wheelwork, by which means 
the revolutions of B were registered, 
and of course the force of traction 
known, as the lower or face wheel A 
was moved backwards and forwards ac- 
cording to the force with which it was 
pulled by the horse or other motive 
power. The instrument was called the 
compteur. The Rev. H. Moseley has 
taken up the same principle and applied 
it to an instrument for measuring the work 
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perfoi „ 

thence called a steam-engine indicator, 

also to a machine for mechanically per- 
forming some operations in mathematical 
analysis, the integration of given differen- 
tials. In the former instrument a cone 
{_fig. 47) is used in place of the face 
wheel A, by which means the rotatory 



pulleys, capable of being worked by 
one band, Is very often used. The fol- 
lowing examples illustrate this practice, 
fig. 48 represents an arrangement for 
transmitting motion with three different 
velocities or speeds ; tho drum D is able 
to drive the system of pulleys on the 



When it ii required to uie bdj one of 
these three speeds, the band must be 
slipped from the loose pulley on to one 
of the pulleys C, D, E j if a speed leii 
than that of the driving axis be wanted. 
the pulley C is to be used, which, car- 
rying the pinion H working with the 
wheel A, will give the axis a a speed less 
than tliat of A, in proportion to the 
ratio of the diameters of the wheels 
H, A; similarly G, g, being equal in 
size, wilt give a velocity to the axis a 
equal to that of A, and F,^ (the pulley 
E bearing the band) will increase the 
velocity of the motion transmitted. 

The next illustration shows a method 

of transmitting motion with two speeds. 

Fig. 49, 





lower shaft with one band B ; these four 
pulleys are not allaclied to the same 
axis; L is a loose pulley, used merely 
to keep the band ready for use; the 
pulley C is fixed to the axis A; D is 
fixed to a hollow axis, working over the 
axis A; E is fixed to another hollow 
axis, seen at e, working over the other 
two axes. The axis A carries also the 
pinion H, and the axes of D and E 
carry respectively the pinions or wheeb 
O and Fi immediately below these 
wheeb are a series of wheels, h, g, f, 
ilmilar in size, and driveu by them. 



The puUev L, driven by the ilrap B 
from the drum D, is loose ; the pulley 
C is fixed upon the spindle A, which 
also carries the pinion E; D is a pulley 
fixed upon a hollow spindle c, capable 
of moving freely upon the apbdle A, 
and carrying the wheel F ; another pair 
of wheels, e, f, is carried by the axis a. 
If the band be slipped on to the pulley 
C, motion is (pven to the pinion E, and - 
thence to the axis a, which will have a 
less velocity than A ) if the pulley D is 
used, P will be put in motion and drive 
the pinion /, whose rotatory velocity 
will thus be greater than that of P. 
r 2 



Two speeds are also obtained without will turn round more tlian once during a 
the nedium of toothed wheels, by uiing rerolution of its pulley, by the distance 
two belts and two drums, as inj!g, 50 ; 




li *t 



i i 



diameter of D, both paita of pulleys 
being of equal diameter, the velocity or 
speed of the nxis a may be made equal 
to or half that of the axis A. 

The following combination sfTords two 
speeds, with a compound movement. 
The drum T>,J!g. 51, drives the pulleys 
L, C, O, E, the first being loose: C is 
fixed upon theaiis A; DandE are loose. 
At c a bevelled wheel is attached to the 
pulley C, which can work with another 
d, held by D 1 a third bevelled wheel ia 
fined to E, which is driven by the strap 
b. When the hand is pushed on to the 
pulley C, a simple speed is given ; but if 
D he used a double velocity will be given 
to the wheel c. and thus to the axis a, 
the bevelled tfheel e being fixed ; for, in 
that case, the wheel d turns once during 
a revolution of the pulley D. If the 
pulley E is driven by the drum and belt 
o in the same direction as the pulley D, 
the bevelled wheel d will not revolve 
once during a revolution of the pulley 
Di by tlie distance the pulley E has 
moved round ; also, if the band 6 is 
crossed, E wilt revolve in a direction 
oppoiite to that of D, and the wheel d 



that E lias moved round during that 
time. We have thus a combination by 
which the transmitted velocity can be 
varied in any way that may be desired. 

In some cases the action of some 
parts of machinery is required to he in- 
termittent, or a certain alternation of 
rest and motion ; this is elFected, in 
toothed wheels, by leaving a portion or 
portions of the circumference of the 
driver nntootlied, as is shown in the 
subsequent illustrations. In j^. 52 there 
are two portions of the driving wheel 
represented as without teeth, and, as 

Fig. 52. 




one of these is double the length of the 
other, the follower tc would rest during 
a time twice as long in one case as in 
the other. It is found that, on the re- 
turn of contact, the teeth do not always 
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n ilie other 
irlieel, and there is a cliance o( the parts 
being fractured; a guide and pin pre- 
Tents the possibility of Bucli an accident; 
the pin p catching id the guide g pushes 
the follower until a tooth of the driver 
falls into a corresponding space of the 
follower. A verj usefVil intermittent 
motion is obtained from the combination 
shovD in^. &3. The driving wheel W 



Fig. S3. 



•spending space rf; when the two plate* 

re pushed together, the tooth on one 

Fig. Si. 





has one tooth t, working with the ratchet 
teeth of the wheel tu; in the course of 
every revolution of W ihe wheel to will 
be pushed round a distance equal to one 
tooth; care, of course, must be taken that 
the single tooth t falls into a space at 
every return of contact, ,and that (he 
teeth are of such a length that the ac- 
tion with one (b) may continue until 
another (c) tooth is brought up rea<ly 
for the succeeding action. 

Gearing The great inconvcnieace 

which would arise from suddenly de- 
stroying the motion of a prime movei of 
machinery, and tlie necessity of occa- 
sionally stopping some parts of a ma- 
chine while others are required to con- 
tinue in motioD, has led to the invention 
!S by which the 



is thus said to be in or oal of gear. 

Where long shafts are arranged for 
gearing with one another, couplingi are 
employed, by which the ends of any two 
sh^B may he connected or disconnected 
at pleasure. There are two descriptions 
of couplings, according as they hare one 
or two bearings ; a simple coupling with 
two bearings is given in^. 54. A being 
the end of the driving shaft, o its journal 
resting on the bearing C, and B the fol 
lowing shaft resting, by means of its 
journal b, on the bearing D, the coupling 
Gg, which is thus said to have twobear- 
inp, consists of two circular iron plates 
P p, cast with a lace tooth e and a cor- 



falls into the space in the other, and the 
coupling is effected. It will be readily 
seen that, if the bearings are not accu- 
rately adjusted with one another, a part 
of the nirce transmitted must be ex- 
pended in an endeavour to tear the 
Journals from their bearings, or to break 
the coupling; on this account, and from 
the fraction arising, couplings with one 
bearing have come into general use. The' 
square coupling,^. ££, is at once a very 
simple and effective arrangement ; A being 

Fig. M. 




the driung, and B the following siv-i, 
the driving shaft rests upon the beariiig 
D supporting the shaft B by a tooth T 
fitting in a corresponding space or hole 
in B; over these two ends the square 
box G is fitted and fixed by fads F P. 
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one pauiiw through each ihaft. In uttaral indifference to motion mutt be 

these contnvancM it h required to con- gradually overcome. Some of the later 

vey the moving power with as little contrivances are tlierefore made to act 

stress and wear of the parts as possible; consonant with tliis principle. A gear- 

the axes of ihe shafls should be care- ing very generally' ueed, on account of 

fully placed in the same straight line, its simplicitj, is the fait and loose pul- 

and the power transmitted at as great a ley, examples of which are given in^i. 

distance from the axis as can be conve- 49 — 52; the band driven by the nutia 

niently allowed; this, indeed, follows shafl is held In readiness by the loose 

from tne property of the lever; — when a pulley, which, moving freely on lis axia, 

force is exerted at double the distance exerts no eSective rotatory force ; bv the 

from the fulcrum, or centre, it will exert fork k the band may be moved on to the 

but hnlf the strain upon that centre. next and fixed pulley, which is of an 

The sudden engagement and disen- equal aize, and the machine is then in 

gagement of machinery is frequently re- gear, but it is not immediately driven at 

quired in cotton, printing, and steam the same rate as the band moves, for, 

machinery generally. The old contriv- until a great portion of the inertia is 

ances for eflecting this object made the overcome, the band will slip, and then 

solid parts of the machine come sud- the velocity of the driven parts will 
denly into contact, and ' ....... ...... 



90- gradually attain the speed of the driver. 
iw- The friction -clutch is a beautiful con- 



alio' 

ir the property of inertia trivance for gradually transmitting t_ 

of the quiescent mass : and we learn, from applied power. A and B (Jig. 56) are, 

the nature of material bodies, tliat this as before, the driving and following 




shafts or spindlei. resting upon their 
bearings X. X. On the end of the 
shaft A is slipped a fork, called a bayo- 
net, a be, which is held either by the 
square end of the shaft or posses 
through the lateral arms S S, which are 
ijxed to the axis. At the end of the 
following shaft B a drum is fixed, which 
is provided with flanges or ledges on 
each side to prevent a hoop or friction 
strap H H, from slipping off when the 

a spring tightened by the screw i so as 
to move upon the drum with consider- 
able friction. When the bayonet abc 
is pualipd out so as to catch the hoop at 
b, c, the shaft A being in motion, it 
farces the hoop to revolve with the 
same velocj^; but, u it con move upon 



the drum, it slips to some extent until 
by tile friction it has gradually trans- 
mitted the same rapidity of motion. 

Where cog wheels are to be p(it in 
gear, it is generally effected by allowing 
the follower to fall on the driver ; there 
is, however, a great chance of breaJiing 
the teeth of the wheels, as they fre. 
quently meet and produce a violent 

A friction and reversing gear is de- 
scribed by Mr. Higson (the patentee), 
in which a pair of cones is used to 
moderate the effect of the applied 
force*. The principal parts are re- 
presented in ^g. 57; A Is the shafl 
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cooaected with the moving power, and part of the apparatiu is supported by a 

B that acEing on the machinerf to be saddle, only parts of the three cross- 
driven. On the driving iliaft A two bars of which are shown in the figure, 
bevel wheels C D, and their projecting For the convenience of quickly stopping 
friction cones a d, are fitted to revolve the motion of the shafl B. a break, con- 
loosely; these cones, c d, are hollowed sisting of a wheel and friction-band F, is 
so as to admit of the cones d d coming added i the band or strap presses on the 
in contact with their inner surfaces and wheel according as the lever L is de- 
acting on them by friction; tlie cones pressed, and, to make it lelf-acting, a pin 
« / are fixed upon the shatl A as re- is placed upon the wheel W, so that, 
gards rotatory motion, although they when the latter is turned and it moves 
can be puahcd backwards and forwards the cones c/ from contact with either 
on the shaft, and thus pome in contact of the hollow cones, the pin is at its 
with either of the hollow cones. If the lowest point, and there presses upon a 
pairof coDei, which ate held together by lever f, which, beioK attached to the end 
Bcrewa f f for adjustment, be pushed of the lever L, puUs it downward, and 
towards the wheel C, the cone e will tightens the friction-strap. 
come into contact with the cone c, the 
position shown in the diagram, and by 

friction cause ft, with the bevel wheel CtiAPiEa II. 
C, to revolve, turning the superior bevel 

wheel E and its shafti by pushing the I/latlratiom of Machinery. 
cones towards d, and making contact 

with it, C will no longer be acted on, as The applica^ons which have been made 
it Sts loosely upon the driving shaft, but of elementary combinations, and of the 
D vrill work and turn the shaft B in a principles of mechanical science, are so 
contrary direction. The friction cones, numerous at the present time that it 
e f, are brought into contact with would require a large volume to give a 
the cones c ((, as may be required by full descnption of the machines now 
the following contrjvuice : — A part of used in the arts and manufactures. The 
the shaft A is made hollow, ao as to principal features of interest in ma- 
admit the unaller shaft O to slide within chinery, besides the accurate woricman- 
iti this shafl carries a key, which passes ship displayed in diem, are their self- 
through a mortise in the exterior shaft acting and self-adjusting capabilities; 
A, and catches in a groove made in the and the rapidity and accuracy with 
boss of the cone-w heels ; thus, when A which (he work is done. This is ex- 
revolves, the coaet must revolve, but emplified in machines for turning, plan- 
through the length of the mortise they Ing, boring, drilling, punching, sawing, 
can be moved lonratudinallyi the shall pile-driving, stamping, printing, copy- 
G is worked by the screw S, od one ing, dividiiu, &c. Witii some of these 
end of which i« fixed awheel W, turned machines little manual exertion is te- 
by handles od its circumference. This qnited further than to feed them, al- 
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(hough it is impossible to distluguiih tion or what are term^ Eelf-acCing mi- 

theni aa requiring and not requiring chines lo a very great extent. 

manual assistaoce, being employed in In the present chapter we purpose 

either nray according to circumstances ; giving a few illustrations of modern ma- 

but the general ap[U]ceuon of steam as chioery, for which we shall describe tlie 

a motive power has led to the construe- turning-lathe, planing machine, forgo- 

Fig. 1. Fig. 2. 
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hammer, punching and plate-cutting, 
wheel-cuttmg and drilling, and printing 
machines. 

I. The Tumi7tg^Lathe.^T\\is tool 
holds a most prominent place among 
machinery, on account of its great 
utility. In the present construction of 
the machine, by which it is rendered both 
self-acting and self-adjusting, admirable 
arrangements are made for the purpose 
of giving the greatest accuracy and uni- 
versality to its operatioM. 

The turning-lathe represented in the 
accompanying diagrams is one of the most 
complete ; it is adapted for plain and cir- 
cular turning, screw-cutting, and boring. 
A A,J%. I, is ^ sliding iron bed, resting 
upon the blocks B B, which are fixed 
to the stone flooring of the workshop. 
The bed is planed truly on the upper 
surface of its flanges, upon which rest 
the headstock C C, fixed to the bed by 
screws, the slnfting headstock D D, 
which is fitted to slide along the bed, 
and can be made fast at any convenient 
distance from the headstock C C, and 
the slide-rest arrangement E E. The 
flanges of the bed are of a dovetailed 
form, as may be observed in the end 
view (Jig, 3); one side of the moveable 
headstock is placed so as to suit the in- 

Fig. 3. 




attached to a chuck U (or holder*) on 
the mandrel M, may be further adjusted 
by a screw, worked by the wheel w, 
which moves the pointed spindle t; 
when in a proper position, the spindle is 
held fast by the screws above it. 

The fixed headstock C C carries the 
mandrel M, upon which are the loose 
driving pulleys FF and pinion p (cast 
with the pulleys) and the fixed wheel 
W ; and a spindle F, to which is fixed 
tlie wheel and pinion G g. By this 
arrangement two sets of motions are 
obtained; for the more rapid motions 
the wheel and pinion G g are put out 
of gear by two levers acting on the 
moveable bushes or bearings of the 
spindle F, the levers being worked by 
the rod and handle h h, and the pulleys 
and pinion on the mandrel are fixed by 
a key ; when the slower motion is re- 
quired, the pulleys are allowed to run 
loosely on the mandril, and the wheel 
and pinion 6g is put in gear with the 
wheel and pinion on the mandril; the 
motion communicated to the pulleys by 
the moving power in this case does not 
immediately affect the mandril, but is 
transmitted by the pinion p to the wheel 
6, and by the pmion g to the fixed 
wheel 'M' 

The slide-rest E E (Jigs. 1, 2, 3, 4, 6) 
is capable of different arrangements ac- 
cording to the manner in which the tool, 
which is fixed by screws to the upper 
slide, is to work. It rests upon the 

Fig, 4. 
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clination of the flange, and at the oppo- 
site side a loose piece is put between 
the shoulder of the headstock and the 
flange, against which the loose piece is 
driven by screws 2 2 until the head- 
stock moves easily but not loosely 
along the bed. The same adjustment 
may be seen in the other slides; the 
lightening screws being denoted by the 
numeral 2. 

The moveable headstock, for tighten- 
iDg up the work to be turned when 



smooth surfaces of the bed-flanges, and 
is moved along the bed by a main 
screw S, which works in nuts fixed to 
the under side of a slide EM upon this 
rests another slide E^ which can be 
driven acrosjs the bed of the lathe by a 
handle and wheel z on a shaft t partly 
screwed, working in a nut similar to the 
first slide and main screw \ above this 
slide is a worm-wheel E' turned by a 

* The chuck called " Clement's Bquili- 
briam" is shown in the iignre; the two arms 
at the circumference catch some projecting 
part of the work, which rests upon the cea* 
tnd pin, and drives it round. 
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<ronn va the ituft r (sm &«. 4, 6), b/ the berelled wheel on the ihaft rf, fixed 
which ■ rotBtory motioo of the cutter in iu propet poiition by mrani of two 
maf be obUined for turoing tpherical circular grooves or slots ee, in which 
■urftee*. A fourth [Hece £* reita upon the block carrjiog tlie thftft is moveable, 
the wheel, csTTfing the tool, which i> A wocm or eadleu icrew / placed on 
held in iti place by some of the tcrewi the shaft works the wheel i, od the 
t't'. This ii also a ilide, moved longi. end of tlie screw S. The slide-reet 
tudinelly by a handle ■' on the end of a and tool ii thui moved along the bed 
•oew. of the lathe while the work ii re. 

The foltowLDg are the anangementi volviog between the chuck on the end 
adopted In luch au initruineut for paral- of the mandril and the spindle in the 
lei, ipberical, and lace-turDiDg, barreling, headstockDi Ike rate at which the rest 
and tctew>culting:^ moves ii regulated b; the number of 

In parallel turaing (as the turning of teeth in the wheel i, the other wheels 
plain cylinders or rod*) the mandril end being the same; three changes ar« pro. 
of the iMhe is adjusted as in Jig. 0. Tided, having thirtv, forty, and filly 
teeth in each wheel rewectively ; and 
'V- ^- the pitch of the screw S being one inch, 

^ w the slido-reit will move with the above- 

mentioned wheel* ■ii, it, and ^th of an ' 
inch along the bed for every turn of the 
mandril. The rest may ba moved to or 
Ihini the headstock C C by the ravefs- 
ing combination aa; the pair of bevelled 
wheels are moveable along their shaft, 
and either can be put in gear with the 
wheel on the upper end of the (bail a, 
by moving the handle it. 

For spherical turning, the arcange- 
ment of the end of the laths and slide- 
rest shown in j^. 6 is adopted. The 
aa on the shaft d is shifted from the position in 
a geai with the last figure so as to allow the 
Fig. 6. 




worm b to work, with a small wheel, on 
the end of the shaft II. Thia shaft 
moves the bevelled wheel and pinion m, 
n; the latter wheel is cast solid with 
the wheel o, and turns loosely upon its 
uis f, the lower slide of the rest is mo- 
taonleas, while the wheel o turtw the 
^liudle r by the wheel qi the spindle r 
is jnovided with a worm a, in feat with 



the h<»iiontal wheel O, whidi sun>or» 
the upper parts carrj'ing the toid I the 
motion of tne cutting eSge of the tool 
will therefore be concentric with the 
wheel O, and not progretaire. If the 
centre of O be immediately below the 
alia of the lathe, the tool in revolving 
will cut a spherical surface, the diameter 
of the boll thua formed dqiending oQ 
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the distance from the centre of the 
wheel at which the cutting edge of 
the tool is fixed. If the centra of O be 
not verticall; below the axis of the 
lathe, a figure will be given to the work, 
the curve being concave orconveiac- 
cordiDg to the relative poiitiont of the 
different parti. 

The contrivance for barreling (giving 
■ swell in the middle of a rod or Ehau 
airailar to a barrel) is a combination of 
the two former, ai might be suJ>pOMd 
(fig, 7). A Btaaft is placed so tnat a 
bevellMl wheel at one end ma; work 



Fig-1- 



with another similar wheel on the end 
of the screw S ; while at the other end 
a small worm c moves a wheel on the 
end of the shaft H; thus, while the tool 
is moving along the bed of the lathe, it 
describes an arc by its totation on the 
horizontal whed O with a very slow 

In face-turning no motion of the large 
screw S is required, but the tool is to 
'be carried gradually across the lathe. 
The end of the lathe will be adjusted as 
is shown in^^. Q\ the wheel q, in the 
slide-rest apparatus, is taken of!', and 
the bevelled wheel n is keyed to its 
shaft, which is a screw, and moves the 
slide with the tool across the bed of the 
lathe. 



For screw-cutting the bevelled wheels 
a a are replaced by a spur-wheel *, gear- 
ing with another wheel on an axis which 
can be adjusted in the groove to convey 
tiie motion from the mandril to ' the 
wheel y on the end of the screw S. In 
this manner any proportion between the 
rate of the progressive motion of the 
slide-rest and the rotatory motion of the 
mandril (and cylinder to be cut) may be 
obtained, by properly proportioning the 
number of teeth in the wheels x andy, 
the velocity of the slide-rest being i- 
ways equal to — 

No. of teeth in * 
No. of teeth in y 

The pitch of the screw S being one 
inch, if the wheel y have eighty teeth, 
a change of ten teeth in the wheel x on 
the mandril will produce a convenient 
difference of one-eigblh of an inch in the 
motion of the slide-rest. 

From the above description of the 
operations performed by tne lathe de- 
scribed, it is evident that the slide-rest 
is a very important part of the machine. 
It is an introduction of late years, and 
has proved an invaluable instrument in 
practical mechanics ; it has also been 
extended in principle to many other 



tool-machine 

In the ordinary 



the workman 




holds the cutting tool as firmly as pos- s'ide, and requires no Bttflotion t and 
sible on the edge of the rest, but in the being worked by a lerew, and moving 
slide-iest the tool is liiied to the u;^r i^nst a shoulder oi 8ai^ tridy ^aaed, 
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the edge of the tool must cut very truly 
in whatever direction it is applied; in 
parallel turning a cylinder or rod may be 
turned of any length allowed by the size 
of the lathe, and preserve throughout 
an equal diameter, or, in face-turning 
surfaces, cut so truly as to adhere toge- 
ther when put in contact, — ^in fact as true 
as the face of the shoulder against which 
the slide bears ; but such accuracy was 
not attainable in the manual use of the 
tool with a common rest. A slide-rest 
mav be said in general to consist of two 
slides, as in the subjoined diagram, 
worked by screws, one of which is 
placed at right angles to the other ; the 
lower slide A is moved by means of a 
nut^ in which the screw S works, along 



the bed of the lathe ; the upper slide B 
is worked by the screw «, in a similar 
manner, across the lathe ; on the upper 
slide the tool T is fixed by screws, ^By 
such an arrangement the tool commands 
the surface of the lathe longitudinally 
and latitudinally. 

II. The Planing Machine ^This tool 

is intended for planing the surfaces of 
iron and other metals, which is now 
done with very great accuracy and de- 
spatch. Before the introduction of this 
beautifut machine there was great diffi- 
culty experienced in giving a plane sur- 
face to the harder metals ; and, after the 
finishing stroke of the best workmen, 
imperfections were apparent, and plane 
surfaces were avoided as much as pos- 



Fig. 10. 




sible in old machinery; it will thus be 
seen that the planing machine is a most 
important contrivance; it has contri- 
buted very greatly towards producing 
that elegant machinery which may now 
be seen in our factories executing its 
appointed work with astonishing rapidity 
and accuracy. 

The diagrams 10, 11, and 12 exhibit 
one of the most improved and ingenious 
planing machines which have come 



under our notice. It is self-acting, and 
intended by the makers* for general 
work of wnat engineers call a mode- 
rate size; a scale is attached, so that 
the real size of the machine may be 
readily conceived. 

* Messrs. Joseph "Whitworth and Co., of 
Manchester, to whom we are indebted for the 
above drawing of this, their patent self-acting 
planing machine. 
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TheironbedAAofthe machine is pro- cated by a self-acting apparatus. The 

vided with angular bearines an on its table has a number of longitudimd 

upper edges, upon which the table B B grooves O O on its upper surface, for 

slides ; these bearings being well lubri« fixing the work to it, and is moved with 




an alternate rectilinear motion by the 
screw C C, which turns in a patent 
white metal nut N, fixed to the under 
side of the table. At the end of the 
machine where the driving geaV is placed 
(seen in the second figure), the oriving 
screw carries a bevelled wheel b, work- 
ing with tlie smaller bevelled wheels 
cc; one of these wheels is fixed to the 
shaft jr', which passes through the op- 
posite bevelled wheel and the hollow 
axis X to the pulley Dj, the other 
bevelled wheel is fixed to the hollow 
axis or long boss X, which is attached 
to the pulley D, the third pulley Dj being 
loose. The driving band being' pushed 
from one pulley to another by a bell- 
crank lever 1 1 and guide g. The con- 
trivances for moving this lever and re- 
versing the face of the cutting tool form 
peculiar features in this machine, and 
are self-acting by the following arrange- 
ment* — On the side of the moveable 
table B B two stops ff are fixed, one of 
which, when the table arrives at the 



extremity of its travel, strikes against 
the upper arm of the bent lever M, 
upon whose fulcrum or axis is placed 
the segment wheel f, the teeth upon 
which gear with a pinion on a spindle 
behind the wheel /; the same spindle 
carries another pinion at the end not 
seen in the drawing, working with a 
rack fixed to the horizontal rod R R, 
which is capable of being moved longi- 
tudinally in its bearings ee, and, by 
means of two pins fixed to it under- 
neath, pushes one end of the bell-crank 
lever 1 1, and consequently moves the 
guide, and with it the strap, on to 
another pulley. This is the machinery 
for producing the self-reversing motion 
of the table. On the visible end of the 
spindle before mentioned, a circular plate 
I is keyed, having a projecting piece or lug 
carrying a pin. This pin, when the plate 
is moved round, falls into a slot in the 
imperfect wheel vi, moving it and the 
pulley n with the strap P, The lever o 
IS provided for tlie purpose of moving 
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the {data II and piD when required, wheel it determined by tha itudi uu. 

The mOTameDt thut given to the pulley which, sliding in the circular grooves or 

a is communicated to the tool socket ilols, ntHy be Hxed at any distance apart, 

(for turning it) by an endleM ilrap P, A self-acting vertical motion may be 

which passes over the pulley r, and given to the slide H H, when fiied et 

round the guide pulleys, q, q, q, q, at- any angle, by means of the arm r, pro- 

tached to the vertical slide E E and jeciing from the socket pulley, the arm 

Fig. 12. 



horizontal slide G G ; they give a pro- carries a pin W W passing through a slot 

per direction to the strap, and keep it OD in the lever x, fitting loosely on the 

the tool socket t' in all positions of the screw y of the down slide H H, and 

slides. The strap then passes up to havine a click z working against a small 

the pulley d' attached to one end of a wheefa' on the axis of the screw. The 

lever L' L, the fulcrum being at L'j lever * also beats a pin 6', which will 

the lever carries a click c , which act as a clasp round the screw ; this is 

catches the ratchet teeth of a Hxed useful when tile tool is planing, so as nnt 

wheel Wi this little contrivance is for to allow of its being reversed ; it must 

the purpose of keeping the strap at a tlieu be lifted from the work during the 

proper tension. When this strap is motion of the table in one direction i 

moved by the pulley n, it causes the tool for such a movement the upper part of 

socket *' to make a semi. revolution, and the tool socket is disconnected from the 

thus tura the cutting edge of the tool in lower, the motion of the pulley i con- 

an opposite direction, to enable it to tinuesasbcfore, but,in>teadof reversing 

plane during the motion of the table in the tool, it acts by the lever on the screw 

either direction. A stop is fixed on the t/, and raises the slide H H with the 

tool locket, which comes in contact tool. 

with a stop on the vertical slide E, and The tool is adjusted in its sodiet by 

accurately lietermines the amount of the screws X X, and the socket has a 

revolution of the tool socket. The re- conical bearing, so that any play is pre- 

versing strap P also works the screw vented by lightening the nut g', which 

F F and moves the plane across the acts as a coUar of suspension from tile 

table, by means of a click t attached to bearing. The bolts h'A' are provided to 

the axis of the loose pulley r r; the set the tool slide 11 II at any required 

click catches the leeth of a wheel S angle on tlie slide G G, which is placed 

fixed to an axis passing tiirough the at the necessary height from the work 

hollow axis of the pulley r, and turning by the vertical screws J J passing 

the screw F; the click thus pushes through nuts fixed at the back of the 

the wheel S through a small part of a frame E E by the screws K K ; both 

revolution, and the screw, working in a screws J J being turned simultaneously 

nut at the back of the slide G G, car- by the horizontal shaft S' S', which 

lies the tool, by successive steps, across carries two bevelled wheels gearing with 

tha table. The distance which tiie tool bevelled wheels on tlie axis of the 

tnoret every time the click catches the Bcrewi, 
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III.— 7T*e Forge, ffamrter.— In forg- 
JDg large muses <tf metal to form them 
hto ahafln, anchors, and heavy parts of 
machinerj, the small liammers used by 
workmen are insufficient to produce tlie 
required effect of condensing the mate- 
rial; a ponderous instrument called a 
foi^-hammer has therefore been com- 
monly used, which by its great wciglU, 
and a fall of some d^th, eETects an 
adequate compreiiion of ths heated 
mass placed upon an anvil beneath it. 
The general form of this engine is 
shown in the preceding chapter [j^. 
33). It may be observed that this hani- 
mer will not work ao well with larger as 
with smaller masses; the larger llie 
mass the less apace it has to fall 
through, and consequently the less 
velocity and momentum is attained. 
The importance of the engine consists 
in its capability of giving a powerful blow ; 



as much momsnlum u possible should 

be obtuned, and the laraer the mass the 
more the momentum should be. which 
ia contrary to the effect produced, as the 
larger the mass the less will be the 
mamentum, neither is there say means 
of varying the intensity of the blowj ■ 
part of the power obtained is tmavaiU 
able in the common hammer, for, as wa 
hare already remarked, no sttentmn is 
paid to the laws of bodies rotating about 
a fixed axis, and the axis or centre about 
which the hammer oscitlates suffers con- 
tinually from the efforts of the maving 
mass acdng with a certain amount f^ 
leverage (the anvit being the fulcrum} 
to tear away from its axis. It is but 
very lately that this subject has received 
any attention, although a very import- 
ant one, as large bars of wrought iron 
have irequently been fractured, and dis- 
closed a faulty structure within, the 



patsagc* / and g, the steam rushes o 
Fig. 14. 



blo»n)fthefo»ge.hainin«h«inBpeae- and driTM the pision L upwardsi wlien 
trated but a litUe depth Mow the sur- the val»e is moved upwards, so a* to 
ftce. An engine has lately been brouf-hl open 

under public notice by Mr. Jsi. Naamyth, 

and appears to supply all that is re- 
cguiredi its great power, and the Tacility 
with which that power can be regulated 
so as to do its work properly, giving 
this new hammet a completeness which 
learei nothii^ to be desired. A view 
oF one of these patent steam hammers 
is ei*eD in the following dhttrams. 

The general structure of the inilru- 
ment is sliown in Jig. 13 ; it consists of 
stout cast-iron standards A A, firmly 
secured to a broad sole-pIateBB, whici) 
is imbedded in the strong flooring of the 
force. Upon the top of the standards a 
tat>Ie C is fixed, to support the steam 
cylinder D and its valves. Tlio piston- 
rod E, proceeding from the pisMn 




the cylinder D, 



block F F, a mass of cast-iron, in which 
is inserted the hammer-face a; it is held 
fast in the doVetail groove by iron wedges 
and wooden packing. The anvil-face b 
is similarly secured to the anvil-block G, 
also of cast-iron, and of a mass suffi> 
cient to susloin the blows of the ham* 
mer. The linmmer block is directed in 
a vertical motion by guides g' g' on the 
interior side of the standard, which 
work in grooves formed in the hammer 
block. Byadmitting high-pressure steam 
into the cylinder through the pipe H, 
and underneath the piston, the latter 
is driven upwards, with the liammer; 
at a proper height tlie steam escapes, 
and allows the hammer to fall with 
great force on tiie substance placed upon 
the anvil b. The details of the instru- 
ment are — the arrangements for admit- 
ting and regulnting the supply of steam 
beneath the piston, and the contrivances 
by which the engine is made self-acting, 
or by n'hich it opens and shuts the 
steam-vnives, and the means employed 
for regulating the intensity of the blow. 
Tiie steam brought by the pipe H 
meets in the box 1 a shut-olF valve e 
(^. 14), which is worked by the rod and 
liandle dd, under the command of the 
attendaDt, who stands upon the plat- 
form Y. Tiie steam, when this valve is 
open as in the figure, passes into the 
valve-box J, in which a sliding-valve c 
(Jig, 15) works before a passage f, 
leading to the steam cylinder S, and 
BDDther g leading to the waste pipe K ; 
the steam, when the valve is in the 
position indicated, enters the cylinder, 



.„ p ... through the waste pipe K. To prevent 

the hammer the piston from striking the cylinder 



, ,..a holes h h are made at a short 

distance from the top of the cylinder, 
which communicate with the waste 



CONSTRUCTION OF MACHINERY. 81 

pipe by the passage t ; these holes allow slightly on the piston before the ham- 
the air and steam in the cylinder above mer has reached the substance on the 
the piston to pass out when performing anvil ; consequently the whole mo- 
its upw'ard stroke, until it reaches the mentum of the hammer gained by the 
holes, when the air above h h cannot fall is not allowed to act on the forging, 
escape and acts as an air spring upon when it is required, the attendant de- 
the piston ; the holes also permit the taches a small handle y from a catch, 
steam underneath the piston to escape by which the ingenious mechanism let- 
when the holes have been passed. tcred *, U v, w, or, X is brought into 

The slide-valve e is moved down, in action. The lever y is pressed down- 
the latter case, by means of a small solid wards by a spring x^ and brings the 
piston m, fixed to the upper part of the trigger w into contact with a shoulder 
slide-valve rod //, moving steam-tight in on the rod P; when the latter descends 
the little cylinder M, which is supplied the trigger catches the top of the 
with steam from the valve-chest J by shoulder, preventing the return of the 
the copper pipe ft; the pressure of the rod upwards and the admission of the 
steam would thus keep the piston and steani into the cylinder ; the admission - 
valve continually in the position shown, valve e would thus not be again opened 
and keep the introducing port / always but for the attached arrangement, «, /, v, 
open. The upward motion is. effected X; the handle y being pressed down by 
by a lever R K attached at one end to the spring x acts upon the rod v, push- 
the valve-rod /, and at the other to the ing it towards the hammer; this rod is 
connecting-rod Q, which conjoins it to jointed to the bar s s, which is attached 
a shaft F P, screwed for a considerable at the top and bottom to bell-crank 
part of its length, and is capable of ver- levers 1 1; when the bar is pushed to- 
tical and rotatory motion *, to a nut on wards the hammer it touches one end 
the screwed shaft is jointed the lever O, of a lever X, called the latch-lever; the 
carrying at the other end a roller o, little instrument' is heavier on one side 
which moves over the face of a tappet than on the other, the heavier arm 
N fixed on the hammer<block ; when being pressed upwards by a spring b'; 
the hammer rises the tappet strikes the which is, however, not so strong as to 
roller o, and pushes that end of the prevent the arm from descending by its 
lever upwards; the other extremity will inertia when the hammer is suddenly 
of course push the shaft P P down- stopped by the metal on the anvil ; in 
wards and the valve-rod // upwards, by this case the other extremity of the 
which the steam is let out into the lever is raised, and pushes back the bar 
waste-pipe K; the hammer tlien faHs ; ss, the rod v, and the trigger w, allow- 
but in so doing it allows the end o of ing the rod P to ascend and reopen the 
the lever to fall, which raises the steam-valve. The handle z enables the 
screwed rod P, the valve-rod is de- attendant to work the steam-valve 
pressed, and again steam is admitted manually when necessary, 
into the cylinder, causing the hammer In the section shown in fig, 15 the 
to ascend ; in that way the hammer is piston-rod E is seen to be attached to 
self-acting. The height of its fall it the hammer with a packing, to prevent 
may be seen depends on the height of the sudden jerks which would occur if 
the lever O; this can be regulated by the rod were merely, screwed into the 
the attendant, who has the handle a' hammer-block; the packing consists of 
under his command ; this handle turns several layers of hard wood, which by 
the bevelled wheel q^ working another their elasticity act as a spring. Above 
on the screwed rod P, which communi- them the keys h secure the connection, 
cates its rotatory motion by means of Tlie steam-hammer has been applied 
two spur wheels r r to a similarly by the patentee as a pile-driving engine, 
screwed rod U, carrying the nut ii^ with the greatest success ; some modifi- 
which the fulcrum of the lever O rests, cations are of course required to adapt 
By turning the handle a the nuts are the hammer to this purpose, but the 
moved up or down as required, which arrangements of the self-acting valves 
brings the ends of the lever in contact are similar. The piston and hammer 
with the tappet N at a greater or lesser are supported by a tall standard or 
height above the anvil. guide-pole, down which it is allowed to 

In the arrangements at present de- slide and follow the pile as it sinks in 

scribed the steam is allowed to act the ground, by means of a strong chain, 

a 
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passing over the standard and round a 
barrel turned by a small steam-engine. 
The hammer, its boiler, and the minor 
details are all placed on a truck or plat- 
ibrm» moveable upon a railway, which 
allows the machine to travel along as 
the piles are driven. The weight of 
the hammer used by Mr. Nasmyth is 
30 cwt., descending through a space of 
three feett it moves so rapidly as to 
deliver seventy or eighty blows per 
minute. The new pile-driver is a iar 
superior instrument to the old form, 
both as regards the e^ectiveness of a 
single stroke and rapidity with which 
the work is done. In the old pile-driver 
the monkey or hammer is drawn up by 
a windlass at a very slow rate, and 
occupies a very long period of time to 
drive a large pile; the monkey also is 
carried to a great lieight to attain as 
much velocity as possible in the de- 
scent, which has the effect of destroy- 
ing very rapidly tlie head of the pile, 
and thus using that energy which should 
be effectual in forcing the pile into the 
ground. With the new engine tliese 
inconveniences do not result, the ham- 
mer being of a great weiglit, and moving 
through but a small space, has great 
momentum with little velocity ; this, as 
is well known in practical mechanics, is 
the condition desired ; for although im- 
pact is so much more useful in driving 
a wedge than pressure, that impact 
must be of a kind suited to the nature 
and properties of matter ; as a pressure 
is a misapplication of power on one hand, 
so a weight very small in comparison 
with that of the wedge, moving with a 
very great velocity, is a misuse of power 
on the other hand. This does not, how- 
ever, interfere with theory, it is still true 
according to the law of momentum* 
that two hamniers of very different 
weiglits DMiy have the same amount of 
momentum, as for example in tlie case 
of the present engine, 

30 cwt. X 14 == 420 
14 cwt. X 30 = 420 

the amounts are equal whether we sup- 
pose the hammer of 30 cwt. to fall 3 
feet, by which it attains a velocity of 
14 feet per second, or the hammer to be 
14 cwt. and its velocity 30 feet per 
second; but the result when the two 
are applied to useful pur{>oses are soon 
evident. 

* See Dynamics, art. 33. 



We believe the pateat steam pile- 
driver has been used in piling the 
foundations of the High Level Bridge, 
at Newcastle-upon-Tjue, at the Via- 
duct over the river Tweed, near Ber- 
wick, and other places, with coraf^te 
success, and it is considered a most 
important invention for engineering pur- 
poses. 

4. Pmnekimg and PiaU-^ttiiifig Jlia. 
ehhiet, — In making boilers and other 
apparatus where iron plates are required 
to be riveted together, some engine is 
necessary to Ibrm tlie holes for admit- 
ting the rivets; for this purpose the 
punching machine is used, the desired 
quality of which is a capability of exer- 
cising immense force througli a small 
space — the thickness of the plate to be 
punched. In a great many contrivances 
for this purpose, a very heavy cast-iron 
lever is used, the arm carrying the 
punch being very short in comparison 
with the other, the extremity of which 
a cam, worked by steam or other av«l- 
able power, and carrying on its axis a 
heavy fly-wheel, lifls during a revolu- 
tion, and punches the Imle. Such an 
instrument is shown in^. 16.' L L is 

Fig. 16. 




the great lever, the fulcrum being at F, 
in tne strong standard A, the shorter 
arm carries the punch p with its socket 
s, which is kept steady by the box in 
which it slides. The longer arm is raised 
by means of the cam or eccentric C, on 
tne same axis witli the heavy fly-wheel 
W ; the descent of the longer arm, which 
consequently raises the punch, is effected 
by its own great weight. A beautiful ma- 
chine has been constructed by Messrs. 
Nasmyth, Gaskell, and Co.f, capable 
also of cutting iron plates, an operation 
which was commonly performed by a lever 
instrument similar to that shown in the 

t We are indebted to the kindness of Mr. 
Nasmyth for the drawings of this machine. 
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diagfwn above, the punch being refJaced tbg arTangeineat*; the drifing appara- 

' '" tus being limilar for both parts of this 

cmnpou^ aachiae. We aliall fint de- 



o cutting e<^ea, txtiag like enoi- tus being limilar for both p 



A A are large cut-iron atendardt, scribe the punching inatniment, which 
irbich SQ^ort the puncliiiig and cut- is teen inj^. 17&, jCg. i9, and the plan 




_;^. 19, The first figure 13 a front deva- Fig. 17a. 

tinn, showing the elide B, supported by 

the standard and betireen tvo shouldeis 

(/e, the former beingadjustahlebjscrewB; 

this furms what is called a V slide on ac. 

count of its ghape. It carries at the lower 

extremity the puncli ;), whicli makes a 

hole iu the plate R, when the slide is 

driven downwards. Motion is given to 

the slide by an eccentric a, fixed to one 

end of a Ghafc which carries at the other 

extremity the spur-wheel C; this is con. 

nected with a reducing train D E. On 

the axis of the smaller pinion is a pair 

of pulleys, one being fast and the other 

loose,bywhichmeans thcpunching-slide tlius efiected the punch rises, being 

receives motion from the driving shaft of assisted in doing so bv two weights tii w; 

tiie factory; a heavy fly-wheel. G is in this movement tne plate very fre- 

placed upon the gear! ug-sliaft to cijualizc quently has a tendency to rise also, as 

the motion. The punch, in making a the punch fits tightly in the liole It has 

hole, drives the portion of metal beneath made; a stop is therefore placed each 

it into the die ft, through which it falls side of the punch to prevent this ac- 

tu the ground. When the object is tion ; it is shown in Jig. 18 by a tmall 

Fig. 18. 
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cuTTcd piece, above the letter p, handle F; the workman in att«idaace 

tcrewed to the standard A. The ap. is thus enabled to move the table and 

paratus on which the plate R to be plate at pleasure along the railway, b; 

punched is bolted, is for the purpose of turning the handle P. Tile distance 

carrying the plate onward as the holes between the holes, called the "pitch," 

nre punched ; and this can be done or the distance moved by the carriage 

with great nicety. after every punch, is determined and 

Tile plate rests immediately upon a regulated Dy a highly scientific and ele- 

carriage, H I. moving along a railway, ganl contrivance. Underneath the table 

the inner rail being a triangular bar, so a pall K is attached to an axis fixed to 

that the wheels I are unable to tun off the carriage, catching the teeth of a 

the rail. A rack N is fixed on the rack L ; this rack is moveable about an 

outer side of the railway, gearing with axis at one end, and at the other ex- 

the pinion 0, which is fixed on the treniiiy carries a pointer, fig. 19. and 

lower end of a spindle worked by the tightening screw; it will l>e readily un- 
Fig. 19. 
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derstood that by this means the most ries a culler c, and, when the plate is 
minute variations may be made in the placed upon the edge of the cutter b, 
pitch of the holes ; in some cases this is the former descends, and, acting like a 
necessary, as in the outside and inside pair of scissors, cuts the iron plate, 
plates of circular and cylindrical fanne, By a contrivance in connection with 
where any two radii, or the direction in the machine the punch can be instantly 
which the rivets are required to lie, will arrested, also it can act either in conjunc- 
be less distant with the inside than the tion with the plate-cutter or separately. 
outside plale. By a scale M the work- 5. Drilling Machine. — The common 
man can obtain these small differences method of drilling small holes with the 
of pitch with the greatest facility, by bow, although a very useful because 
turning the handle m, it acts upon a link simple mode, is inapplicable where great 
I attached to the pall K, and, raising it, precision is required or large holes are 
permits the carriage to slip over one to be bored in metal. The lathe is fre- 
tooth ; of course, by fixing the move- quently made a drilling machine, either 
able rack in a more diagonal posi- by fixing the tool in a chuck and driving 
lion, the less will be the pitch of the it on the end U of the mandril (see &, 
punched holes. The table has a mOve- 1 ), or putting the blunt end of the drill 
ment at right angles to the motion of against the point of the spindle ( in the 
the carriage along the railway, so that moveable liendstock, and driving it by 
a double row of holes may be punched, the screw and wheel w against the work 
the distance between them being accu- to be drilled, which is then put on the 
rately preserved. chuck. This manner of drilling is, how- 
When the punching of a plate has ever, limited ; in some cases it would be 
been completed, the carriage is driven inconvenient, in many more impossible 
along the railway to the cutting head- to use the lathe for this purpose- 
stock seen in fig. 17b; its general ar- For small work the portable drilling 
rnngements are similar to the punching machine exhibited in the following dia- 
machine; in this case the slide B car- gram is a neat and simple contrivance, 
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aod may be driven bv the band. Upon the drill D ii held. Tlie &pindle and 

the bed A. the stnndard or vertical po»t drill are turned round by means of tvo 

B U firmly fixed, supporting two bear- bevelled wheels a h, the latter being 

iugs C for the drill -spindle, in which worked by the fly-wheel and handle E. 

To produce the requisite vertical ntio- 

^*&- 30- tion or tlie drill there is a small wheel c 

working the screw d on the top of the 

drill -spindle. This pretty little machine 

ii made by Messrs. Nasmyth, Gaskell, 

and Co. 

A beautiful self-acting drilling <ind 
boring machine* is represented below 
(Jigi. 21, 22). A strong cast-iron 
frame A A is firmly bolted to the iron 
bed B, supporting the drill arrange- 
ments at the upper, and the moveable 
work table at the lower part. The drill 
ia worked when ihe driving band, ia on 
one of the pulleys C, whlcli are ar- 
ranged as in the lathe (described io 
page 73), for changing the speed ; at one 

mg.iX. Fig.^% 



1 
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8G MECHANICS. 

end of the ipmdic a bcTelled wheel a up the apindlc, into wliicli a key or 

ia filed, gearing wjih another nmilar feather catclies. When the spindle and 

wlieel b on the dr[U ipindle E. The drill is required to be Med from the 

contrirftiice for producing the sdf-act- work, the wheel P on the axis of the 

ing property trf thb drill, or a down- worm wheel is lurned by the liand. 

ward motion, ai it borea the work on Tlie spindle is balanced by a weight 

the table, contnls of a screw S on the and lever G. 

drill spindle, which works with a pair of The upper part of the table H, sup- 
worm wheds, one on each side of the porting the substance to be bored, is 
spindle; on the axes of these wlieels capable of a lateral and a rotatory mo- 
there are two gmall pullers dd, carrying tion; the former is obtained by the screw 
on thdt circumfereDce a&ictioa ^>para- i working through a nut fixed underneath 
tus compoted of two pieces of iron e ei the table, and turned by the bevel wheels 
llieae embrace the pulleys d d, and f g. and the handle h. The handle > 
when pressed together will of couree produces the rotatory motion, by turn- 
create considerable frietioa when the ing a worm uliich acts on the wheel k, 
pulleys revolve, the tightness of their its axis being connected with the under 
hold can be regulated by turning the side of the table. The whole may be 
rod and handle e e, at the upper end of moved up or down at pleasure by the 
which is a screw working in an inside handle I. which turns the pinion i and 
screw cut in the friction iHeces cc; the the wheel I gearing with it, the spindle 
ihtead passing through the upper piece of this wheel carrying a pinion under- 
13 cut in an opposite direction to that neath the table, working in the rack K; 
passing through the lower piece, so tliat a ratchet wheel ni and detent is provided 
in turning the handle tlie straps are to retain the table at any height to which 
forced together or pushed asunder ; the it is raised, until the pinching screws n it 
drill D may thus be pressed downwards are tightened, by which it is held in its 
with any required force, for if the place. 

wheels c were fixed, the spindle would 6. Whecl-cuitiugMaduTte Manyme- 

descendthroughaspaccequal to ihedis' chanical contrivances have been made 

tance between two contiguous threads, for the purpose of cutting spaces in the 

or the pitchof theserewS; ifthey were circumference of wooden models and 

loose BO motJMi would be given to the iron wheels, the geoerai arrangements 

spindle, therefore when the handle e is being a support on which the wheel to 

turned and fiictioti produced on the be cut is fixed, a cutter which can be 

pulleys dd, the worm wheels do not re- pressed against the part to be cut away, 

volve freely, but push the spindle slowly and some combination of wheels or 

downwards. The bevelled wheel 6 does other elements, by which the wheel 

not participate iit this vertical motion of under operation can be moved round on 

the drill spindle, as it would be put out its axis a distance equal to the pitch* at' 

of gear with the wheel o; itshdasver- each movement, to present new work 

ticaily on the spindle, but cannot re- for the cutter. 
volve on it because of a groove running The wheel-cutting machinef repre- 
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sented id the foilowing ^ures is so the under surface of the lieadatock. and 

arranged that it might be used aa a carries che wheel W ia which the teeth 

lathe if required. Tbe hed-frame A A are to be cut. At one end of the bed- 

ts of cast-iron, anil carries on its planed frame the head^tock D, in which the 

Uf^iei surface « a the headstock B, cutter is (ixed, slides on the planed sur< 

which is moTed along the bed by a face of the bed b b tranayersely with 

screw C, pascnig through a nut fiied to respect to the motion of llie headslock 

Fig. 24. 



B. The two prindpal parts in thia ma- 
chine are therefore the headstock and 
its adjustments for holding the wheel in^ 
whici) the teeth are to be cut, and the 
headstock for carrying the cutting tool. 

The former, B B, is provided with a 
set of cone pulleys B, and a speed ar- 
rangement F similar lo that described in 
the lathe Cp. 73). On one end of the 
cone shafi there is a face pinte e, on 
which the wheel W is fixed; the oppo- 
site end of the shaft carries a large 
index-wheel G, working with a worm 4 
on a shaft which has at one end the 
pinion e, this pinion gears with a wheel 
/, which communicatea its motion to 
another wheel g, the latter and the 
{Hnion e being changeable at pleasure, 
according lo the number of teeth re- 
quited in the wheel W. The wheel g 
h on the end of a shaft wliich reaches 
the other end of the bed-IVame, and Is 
there turned manually by the handle * 
as the teeth are cut in the wheel. 

The cutter headstock D is moved 
along its bed by the screw I, working in 
a nut fised underneath the sole-plate or 
slide A; the upper part t of the slide ia 
moveable on the surface of A horizon- 
tally, Co allow the cutter slide-rest to be 
set al a convenient angle for cutting the 
iceth of bevelled wheels, the angle being 
measured by an indei on the upper sur- 
face of the plate *. In the position 
shown in the drawing the cutter is ad- 



justed to cut the teeth for a spur-wheel. 
A slide-rest J is attached to the upper 
part of the headstock D, moving hori- 
Eontally in front of it, or before tbe 
wheel; it is worked by the handlej 
and screw i, carrying the cutting tool T, 
which revolves rapidly by the action of 

Fig. 25. 




a cord passing over a pulley on the top 
of the spindle I in which the tool is 
fixed, and thence guided by the pulleys 
TH to a driving shaft in the workshop. 
To cut screw-wheels or worm-wheels, 
the slide-rest J has a vertical motion by 
wliich it can be set at any reqnircd 
angle, which is indicated by on index 'on 
the headstock. 

The arrangement of the entter shown 
in the above diagrams, exhibits the me- 
thod adopted for cutting the teetli of 
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vooden vhee)> ot of patterns; wlien machine, for leiteT-preis priming, is an 
iron wheels are to be worked, tile ilide- improvement on the original manuAl 
rMtis fitted astn^, 36, the cuttingtool printing press; it is ddapted generall]' 
T being a wheel wiili a periphery suit- tor being worked by steam-power, and 
able for leaving the leeili of a proper is capable of producing many more copiei 
form. The driving band passes over a than the common printing press, tlie 
pulley n, on the same axis witli the nutnber of printed siicets obtained froni 
the latter, witli the assistance of two 
P'g' 26. men, being on on average 250 per 

^ hour, having an impression on one side 

only ; but, by the mnchiiie subsequently 
described, the mean produce is 1000 
sheets per hour, printed on botli sides, 
or, eight times the former quantity, the 
manual assistance being supplied by two 
boys. The machines as arranged by 
Messrs. Applegarth and Cow per, are 
those gcnernlly used, with some slight 
modifications. Tlie principal features 
consist in the use of endless tapes, be- 
tween pairs of which the blank paper 
sheets are carried ovei large iron cylin- 
bevelled pinion o, which works the ders, nliich, In the course of a revolu- 
bevelled wheel pi on its axis, nt the tion, press the sheets on the surface of 
lower end, is a pinion g which gears metal types placed beneath, which have 
with a reducing-speed train of three been previously covered with ink. The 
wheels ; the axis r of the last of these following illustration represents one of 
wheels cnrries, at the upper end, a the improved forms now in use*, 
pinion working with a wheel on the The framing of the machine, A A. is 
cutter-spindle, which carries another of cast-iron, and supports three prin- 
wheel t to work a pinion behind it on a ripal parts, — the table T. on which the 
spindle whicli acts on the screw K, and form of types to give the impression is 
produces the necessary motion of the laid; the inking apparatus a, b, c, d; 
slide J Instead of using the handle j; and the suite of cylinders, B', L, M, D, 
this part of the machine is therefore round which tlie sheets to be printed 
selfacting, the cutter T moving along are carried by the tapes, including the 
as it cuts the tooth. The other move- feeding table K. 

menl — that of the nheel G and conse- In the figure the form-table T is 
quently the wheel W, the space of one represented as being at the maximum 
tooth every time the too) lias cut one distance traversed towards the end T of 
space — might, by a simple combination, the machine, the nearer extremity being 
be made also self-acting. visible immediately above a pulley r 

To use this machine, the wheel in and below the rollers aa; a number of 
which teeth are to be cut is firmly Hxud pulleys r r form tlie support on which 
on the cone-shaft, and change-wheels it travels. The table consists of two 
e g ota proper number of teeth, accord- parts, the middle being appropriated to 
ing to a table given, are put on their the reception of a pair of formsf , and 
respective shafts; the cutter is then set the ends are provided with an even 
to work, and, when a space is cut, the metal surface to form ink tables. 
handle x is turned in most cases once On ilie end of the shall O, which 
round, and the cutter again commences passes underneath the machine, is fixed 
its work. a bevelled wlieel which gears with 

In adapting this machine to the pur- another bevelled wheel on an upright 
poses of a lathe, the headstock D is shal^ at the top of which there is a 
removed and a proper slide-rest adjusted pinion, catching in a rack somewliat 

in its place, the remainder is then but 

a modification of the lathe ; it will be , Conilrurted by Meurt. Dryden «id Co. 
seen from this that a lathe also may + a /ormi. Biwlangular iron frame (called 
be readily adapted to cut the teeth of a ciau) in which soi-enil p«ge« of type, are 
wheels. placed, and made tight or "locked up" by 

7. Tie Printing Machine. — Tllis wooden nedgci. 
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similar to tlint in Jig. 105 (Mech,, mnchine; as the under side of tlie box 

Treat. II. p. SB) i tliis rack is attached is made so as nearly to toucli the cir- 

to the under side of the form-table 'I', ciimference of the roller c, the latter as 

but is at liberty to move laterally, it turns can carry away a small portion 

because tlie pinion being a fixture as of the thick pasty ink used in printing) 

regards its position, when one end of beneath the roller is another, intistble 

the rack reaches it, a slight motion must in the drawing, which receives the ink, 

of course take place in order to bring and, being in contact with c, is made to 

the other side of tlie rack in contact revolve ; this roller, however, is in a 

with the pinion. In order to retain the vertically moveable bearing, connected 

pinion in contact with the rack, its with the small lever and rod e e, the 

shaf^ having no bearing at the upper latter being attaclied at one end to the 

end, a small pulley or wheel is bxed bell-crank lever/, and as the upper arm 

there, which pushes against a flange of this lever is furnished with a small 

whose face is opposite to the teeth of rod joining it, with an eccentric on the 

the rack ; the pinion is thus prevented, axis of the cylinder B, by the nature of 

from leaving the rack; the lateral move- an eccentric an up and down motion 

ment of the rack is effected in a proper will be given to the lever _/" when the 

rannner by a kind of parallel ruler mo- machine is in motion, and produce an 

tion, so that botli ends move simul- alternate horizontal motion of the rod 

taneously, and an equal distance. eei by this means it may be seen that 

The forms are tightened between the tinaity the roller in question will be 

sides of the table by pieces of wood moved up and down as the cylinder B 

called "furniture," and are inked by revolves, and it is so arranged as to 

two sets of rollers, one of which is seen descend when the ink table T arrives 

at a a, and the other is placed in a underneath. A quantity of ink is thus 

similar position near tlie other large deposited on the mk table, but not very 

cylinder. These rollers receive the evenly distributed ou its surface, as it 

ink at each traverse from the ink-table should be; to eSect this a series of 

T, which fetches the ink from an ap- small rollers 6 & are allowed to roll on 

paratus marked c, where a quantity of the table as it returns, ihey work 

ink is kept in a box, and is allowed to loosely in their bearings, being merely 

come in contact with the roller c, which let down between the divisions of their 

Is turned slowly by means of a cord carriages, which are seen in the figure; 

passing round the pulley rf, and finally in this state their under surface is some- 

, reaching another pulley on the axis of what lower than the surface of the ink 

the drum B, on the opposite side of the table, so that the latter lifts them up a 
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little as it meets them ; thus the rollers 
press with their whole weight on the 
table ; but this of itself would be insuf- 
ficient to distribute the ink : the rollers 
b are therefore not placed directly across 
the table, but somewhat diagonally, as 
may be observed in the drawing, which 
permits them to be pushed across the 
table while they revolve, as we might 
infer from the principle of the resolu- 
tion of forces. In this way the ink it 
very evenly distributed on the phrtr. 
which, as it proceeds iaward, transfefs 
the ink to the rollers a«» to ink the 
printing types. The raBcfS a «, hh^ 
and the unseen roller below c, are niede 
of a soft material, composcdl of treacle 
and glue in soeh propcwtioos as to gire 
the compound the coosisleDce of caout- 
chouc 

The iron cylindcfs Yf B are supported 
by the framing A, and are ac^ustable at 



the proper vertical position by screws 
at the bearings of their spindles ; each 
cylinder carries a large toothed wheel, 
that seen in the figure on the right hand 
gearing with a driving pinion o imme- 
diately behind the fast and loose pulleys 
P, which connect the machine with a 
drum D on the driving shaft, by a strap 
G ; thus the whole or the upper pert of 
the macliine is drives by the poMRi o, 
as the two large wheels are in gear, and 
on the spindleof the left hand cylinder 
B a toothed wheel F is fixed, which 
drives the pinion E and the wheel L, 
the latter driving its companion M. 
The tapes t i retain the sheet in its 
place, while the cylinders K B carry it 
downwards to receive an iimvesBion 
from the form of tjpes. Thetr direction 
of motion b better sImmpu by the ac- 
companying diagram {fg, 28); E is 
caDed the entering drum, because the 



Fig, 28. 
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sheets here enter between the tapes, 
the motion of the drum then carries the 
tapes and sheets round in the direction 
of the feathered arrows, over the drum 
L, underneath M» and over B; when in 
the act of running up the inner side of 
the cylinder the tapes separate, and the 
sheet is thrown out ; the one series of 
tapes turn over a small roller ;r, pass 
outwards in the direction of the plain 
arrows, are carried over the small 
pulleys y, and another small roller 
above the cylinder, to a roller above 
the entering drum £; the other series 
of tapes are brought upwards to a 
number of small pulleys w, whence 
they pass underneath the cylinder B' 
up to the pulleys 2, and thence under* 
the roller i to the entering drum £; 
these sheet holders pass over those 
parts of the sheet which form the 
margin, and are consequently un- 

* In the figure the tape should pass below 
the roller i. 



touched by tlie inked types. The 
tapes are adjusted to a sufficient degree 
of tightness by the pulleys y, 2, their 
supports being screwed up in nuts rest- 
ing on a transverse bar. To enable the 
cylinders to effect a good impression a 
piece of woollen cloth called " blanket " 
is attached to that part of the drum 
which bears the sheet. 

The sheets of paper must necessarily 
be taken by the tapes at the entering 
drum so that they may meet the form 
at the proper place to receive an im- 
pression; and to effect this important 
matter a number of wide tapes called 
the web are placed on the table K ; they 
pass round the drum H and a small 
roller near the entering drum E; on 
this web the sheet of paper is laid; 
The spindle of the drum H carries a 
sector A, and wiper or lever /, the former 
gearing with the great wheel C, and the 
latter, being close to the face of the 
wheel, is struck by a pin p fixed to the . 
wheel, driving it downwards; the drum 
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then turns through a part of a revolu- the cyh'ndcrs, brings the form of types 

tion by the action of the wheel on the first under the inking rollers, and then 

sector, and the sheet of paper is driven beneath the cylinder, to meet the sheet 

so far as to be caught by the tapes at at the proper place; the latter, when the 

the entering drum E; the drum is impressioo is made, passes, as before 

brought to its former position by means stated, over L and under M, reaches 

of a weight in the cylinder g, to which the top of the second cylinder B, and 

it is attached by a string q, is borne downwards to meet the other 

The drum M is a ** registering" ap- form of type ; the impression being 
paratus, or a contrivance for making made on both sides, the sheet S is 
the sheet of paper which has received thrown out on the table and taken 
an impression under the cyUnder B', away by another attendant, 
arrive at the proper time on the cy- The necessity for rapid printing which 
Under B to receive the impression on arises in working newspapers has led 
the other side. Although the forms of many persons to attempt {^Iterations and 
type are placed in a proper position on arrangements in the machine, by which 
their table T, yet it is found that, in a a much greater number of copies could 
sheet printed off without any further be completed in the same time; the 
adjustment being made, the lines of print number of rollers for carrying the sheets 
on each side do not '* back,** and it may was increased to four, and they were 
be observed in printed books whete this reduced to a smaller diameter ; the 
particular has not been attended to, if machine thus constructed prints one 
we hold a leaf up to the light the lead- side only» and gives about 4,500 printed 
ing lines at the top of the pages do not sheets every hour. In 1846, Mr. 
coincide or overlay each other ; in such Little patented a printing machine, 
a case the *' register" Itas not been pro- which was to produce 10,000 copies 
perly effected. The drum is raised or per hour. This is the greatest rapidity 
lowered to effect this object by means of of production ever attempted publicly ; 
a worm w, working a pinion on the axis to effect this the patentee uses eight 
of a screw which holds the bearing of cylinders, bat in a manner very dif- 
the drum at one end, and by a similar ferent from the usual method ; it ex- 
screw at the other end of the drum ; hibits great simplicity in ccmstruction as 
the handles of both movements are well as elegance in action, 
therefore worked at tlie side opposite to Up to the present time* the eight 
that seen in the fignre. The immediate cylinder machine has been but once in 
consequence of any motion of these operation, and that for a short time; 
supporting screws is that the drum is one with four cylinders, upon the 
raised or lowered ; but it will be evi- same principle, having been some time 
dent, on reflection, that this will cause at work, we shall describe the arrange- 
the sheets to travel over a less or ments of that machine, which are 
greater distance at the particular end only different from the other in being 
affected, and its progress hastened or of smaller dimensions. The first figure 
delayed accordingly. This is a final exhibits a side view, and the second 
adjustment. a sectimi with the tapes indicated by 

From the above description we be- dotted lines ; A A is the bed or frame, 

lieve the action of this beautiful ma- upon rollers attached to the inner side 

chine will be understood by every of which die ink and form table B B 

reader. A boy stands on the platform moves from end to end of the machine ; 

I, where he has the command of the immediately above the table are placed 

table or web K and the ream of damped four drums, C, C, C, C, for pressing 

paper R ; he takes a sheet from the pile the sheets of paper which they re- 

and places it on the web so that tlie ceive from the rollers above them on 

edge nearest R touches wooden stops the surface of the inked type. The 

attached to the web, and another edge, printing drums are supplied with sheets 

nearest himself, touches a stop fixed -to of paper from six different places, D, 

the table ; as the wheel C turns, the pin D,, D,, &c., where a revolving bar or 

p strikes tlie wiper /, the sector falls in roller £ descends at the proper time by 

gear, and the sheet is driven by the the action of a cam upon the larger 

stops between the tapes at the entering revolving lolier D, taking hold of the 

drum; it is tlien carried downwards, 

while tlie table, moving in unison with * May, 1848. 
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Fig. 29. 




edge of a sheet placed there by the 
attendant, and puUing it between the 
tapes, "which by their motion carry it 
through the machine. 

The two extreme printing drums C, 
Cj, and feeding drums D, are driven by 
two shafts, F, F, carrying bevelled 
wheels, the shafts themselves being 



driven by another smaller shaft G in 
connection with the shafl H, on which a 
fast and loose pulley is placed to hold a 
driving band. The two inner drums C, 
C^ being driven by a rack on the vi- 
brating table, the inking rollers 1 1 
are placed between the printing drums, 
and receive ink from a part of the 
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movbg table B, on which the ink is pinion aiid sliding apparatus similar to 

distributed by the small rulleia K K. the common priming machine. These 

The supply of ink is effected in a man- form the general features of the ma- 

Iter similar to other printing machines ; chine; its principal peculiarity con- 

the ink is placed in a trough t, at the slstlng in the mechanism by which the 

bottom of which a roller communicates two interior printini; druma, C,, Cj, are 

a small quantity in its terotution to the enabled to print a sheet both ways. In 

roller underneath it, the latter roller the common fast macliine two only out 

being pushed down by an eccentric of four drums primed each travel of 

motion so as to touch the ink table the furm table, the remaining two being 

every time it returns to the end of its raised ; this was a necessary precaution, 

travel. The alternate motion of the for it may be seen by Jig. 29 that if a 

form and ink table is effected by a sheet entered at D', passing between 

Fig. 30. 



tlie tapes to the drum C, round it, and ing in the direction indicated by the 

up to the receiving box at J', when the arrow, driving the lower part of the 

form returns the printing drum is use- interior drum in the fame direction ; 

less, as it can receive a sheet in one these drums will be fed with sheets 

direction only; it is therefore raised up from the drums T>* and D', the printed 

by a cam : this difficulty is completely sheet returning- upwards by the tapes 

obviated in Mr. Little's machine, with T* and T' respectively; but when the 

respect to the drums, by the use of two table returns the druma C C will be 

TOWS of small drums L L. The tapes driven round their axes in the reverse 

from the feeding drums pass round the direction, and they could not possibly 

upper row, as is shown in the figure, be fed with sheets, as in the former 

and another set of tapes connect the movemenL The peculiar motion by 

lower row and the printing drums ; the which this difliculty is obviated is a 

latter combination is thus independent shifting of the upper row of drums M, 

of the former, and the sheets have to the width of a drum to the letl hand 

pass from one series of tapes to another side of the diagram, a being brought 

before they receive an impression. This over c, and b over d, by which motion 

allows the upper row of drums to be the feeding drum D^ is enabled to send 

shilled, so that the tapes T may direct n sheet to the printing drum C ; the 

the descending sheet of paper on the same occurs with the other drums. 

proper side of the drums. In the figure The traverse motion of the upper 

the form-table B is supposed tobemov- series of drums is effected by a lever L, 
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10 conoMtioa with k boriimUal CMn m- stretched ; the lever N, the fiikrum of 

rangeBient underneMh the machine: whfch is at the upper part of the ma- 

(Hie end of the lever bciBg attached to cliine, and tlie lower end attached to 

Hie slide hoUing the drums, and the the ilide of ^luu M, serves to can; 

lower end to a small rod e (Jig. 31) the rollers i t with a traverse motion 

cotinecting it with a bar / which carries to the movement of the drums M. A 

the rod g, a pin on one end of this rod macliine of this descriptioo is stated by 

rests against the cam N on the axis of a tite inventor to be capable of lupplying 

6,910 sheets pet hour. 

l^'ig.Sl. A printing machine has lately been 

erected in New York, which con lupiJv 

12.000 copies p« llour, it is called 

" Hoe's> fast press," sad works on the 

old principle of putting llie columns of 

types on a large moving drum, around 

which several smaller drums are placed 

for carrying the sheets to be printed. 

(October, 1648). 

CftArTElt IIL — Dynamomeieri. — Reg- 
nitr't. — TAe Friclion Dyna«Bvicter. 
■ — Colladon'i Dynamometer. 

A OTHKWMvnt, is, generally speaking, 
an instrument for measuring the relative 
Bltength or power of prime movers of 
machinery, and is therefore a very use- 
spur-wheel driven by the pinion A in ful instrument, as it enables us to deter- 
connectton with the driving shaft H. miue the comparative powers of men. 

The two extreme drums C C* do horses, and otiier animals, steam and 
not print both ways, as may be inferred water-wheels, as also the resistance of 
from an inspection of the arrangements, or power required to work, machines 
In the motion indicated in fig. 30 the We shall here describe the most useful 
drum C is lifted up by a cam worked and interesting dynamometers which 
by the axis t while the form pastes, the have come under our observation. 
first impression being taken by the drtim I. Regnicr't Dgnamcmieter. — M. Reg- 
C- Thus three print at each trtrel of nier, at tiw request of Buflbn and 
the table. The small rollers k k are Gueneau, who wished to make some 
merdy for the purpose of directing the experiments on the relative strength of 
tapes T, and keeiHOg them tightly men of different ages, in different states 
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of health, and of the different parts of 
the body, constructed .a dynamometer 
Tery serviceable'for such po rposes * . It 
is represented in^g. 32, consisting of a 
steel spring A B, about twelve inches 
long, and of an elliptic form, to the 
upper branch of wliich is firmly fixed 
the scale C D, carrying a hand H, turn- 
ing on the centre E, and moTing by the 
action of the lever L ; this lever it may 
be seen is attaclied at its other ex- 
tremity to the lower branch of the 
spring. Above the hand H is an index I, 
which points to the division on the scale ; 
it moves somewhat stiffly over the face 
of the scale, so as to prevent its shifting 
from the point to wWch it is driven^ or 
in lact to make it self-registering. The 
index is oioved by a pin on the under 
side of the hand H. When the two 
sides of the spring are brought towards 
each other by either pressing them 
with the hands, or pulling at each end 
A B, the rod L L will push the hand H 
round its centre and move tlie index I, 
which will Indicate on the scale the 
number of pounds' pressure exerted. 
This k a very good instrument, although 



it may be made of a more simple form ; 
from its portability (the original being 
about two-and-a-nalf pounds' weight 
only) it is a very useAil dynamometer 
for measuring the strength of men and 
animab. 

The Friction Dynamometer, — The 
elegant instrument known by this name, 
or the brake, is the invention of M. Prony, 
who, by considering that if the frictiim 
necessary to use the whole power of any 
engine or prime mover could be measured, 
the power of that engine would be de- 
termined, constructed a dynamometer 
in which friction is made to use up the 
whole power or available energy of a 
moving power, and then measured ac- 
cording to the laws of friction. The 
foUowing diagram exhibits the form of 
this dynamometer, as used by M. Morin 
in his researches on the power of water 
wheels. C C is a collar of iron 30.5 
inches internal diameter (which was 
sufficiently large to allow it to be put 
on the larger shafts), 1.2 inch thick in 
the middle C C (Jig, 33b), and 6.3 inches 
broad, having a flange (shown in second 
figure) to prevent the friction band, 
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which moves upon it, from slipping off; 
the outer surface is truly turned, in 
order that it may be fixed 
i'lg. 33 b. concentrically with the 
shafl on which it is 
, placed. This attachment 
of the collar to the shaft 
' of the engine under ex- 
periment is eflected by six 
screws, b b b, having a 
thread cut for about ten 
inches of their length. 
When the collar is placed upon the 
shafl, its concentricity may be ensured 
by the screws, which take hold of the 
shafl, great care is taken with this 
operation, as it is a very important 
part of the experiment. When the shaft 

* Journal de TEcoIe Polytechnique. 




is of iron, and small, the collar must be 
mounted upon a tube of requisite size. 
As the screws are liable to be bent on 
account of their length, the collar is 
also wedged upon the shaft by pairs of 
wedges. Upon the collar is placed an 
articulated strap or band S S S, con- 
sisting of eight separate plates of iron, 
one-fifth of an inch thick and 8.94 
inches broad, jointed* by pins of from 
one quarter to one-fifbh of an inch in 
diameter; the curve allowed for this 
chain is somewhat greater than that of 
the collar, so that tlie angles formed at 
the joints of the plates hold the grease 
which is supplied to the collar and 
band, or any extraneous matter which 
may come between the collar and band. 
At the termination of this chain two 
stout half links are joined to the bolts 
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a Of which are 23.6 inches long and 1.2 menter, to find whether the inertia of 

in diameter. This description of chain the masses in inotton exerts any influ- 

is preferred to a band of sheet iron, as ence on the results ; if the number of 

the pressure is more equal on the sur- revolutions be constant the motion is 

face of the collar. The bolts a a are uniform, and the power of inertia is 

screwed perpendicularly through the nothing*. 

lever A B, which is a piece of pine 7.9 The most effective velocity of a ma- 
inches square at the end A, and taper- ciiiue may be experimentally determined 
ing to 5.2 inches at the end B. Be- by this instrument, by varying the load 
tween this lever and the upper part of upon it from to that which will stop 
the collar is placed a cushion £ made the motion of the machine, 
of hard wood, which presses upon the' There is a limit to the capability of a 
collar; a small hole being made through dynamometer of the size and propor- 
the cushion and lever to allow of the tions we have stated, for M. Morin 
collar being lubricated. At the end B found that, when well lubricated, there 
of the lever a scale-pan W is attached was an abrasion of the surfaces of the 
by the hook </, to hold the weights used rubbing parts when the friction amounted 
in experiment to measure the friction. to from 1 to 1.2 tons. Where a power 
In using this apparatus care must be is to be tried which would require more 
taken that the machinery to be tried is friction than is measured by one ton, 
in proper order, that the revolving parts the collar must be correspondingly in- 
work evenly. The collar and band are creased in diameter, which would of 
then adjusted as is directed above, the course give the weight more leverage, 
lever being in a horizontal position be- The calculation of the power given 
tween two cross-bars D D, which thus by a machine, as obtained by the use of 
prevents it from falling or being carried this instrument, is very simple, for sup- 
round when the axle of the machine pose the collar were fixed upon the 
turns, which it would have a tendency shaft of a steam engine revolving 100 
to do; weights are then placed in the times per minute, the weight required 
scale until an equilibrium is obtained, to equilibrate it being 150 lbs., and tlio 
when the lever will assume a horizontal length of the lever 10 feet. The weight 
position, oscillating a little when any or force resisted by the machine is the 
small variation occurs in the intensity of same as would be raised by a wheel 
the force exerted by the machine. The having a radius equal in length to the 
number of revolutions per minute made lever or L W (Jig. 34), so that the 
by the shaft or spindle (or the collar of number of revolutions of the axis /, 
the brake) is counted by the experi- multiplied by the length L W of the 

Fig. 34. 
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* When the lever is in equilibrium, or when 
the weights cause the lever to be suspended 
in a horizontal poskion, the friction of the 
band and cushion consumes all the available 
power. If then we call 

P, the available power at any distance 

B, from the axis ; 

V == velocity of the circumference of the 
shaft ; 

F = friction at the surface of the collar ; 

r = radius of the surface; 
"We shall have, the whole being in equilibrium, 

PR = ¥r,ovTv = F - r. 

R 



But in experiment a weight (W) is actini^ 
with a leverage / (or the length of the brake) 
to produce this equilibrating firiction ; whence 

W / ss F r, and therefore P t> = "W — v : 

R 

and as — v expresses the line which would be 

described by the point at which the weight is 
suspended if it were given, we obtain the fol- 
lowing rule : — 

The available power of the machine is 
found by taking the product of the weight on 
the lever, and the path which the point of sus- 
pension of the weight tends to describe. 
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lerer by the ratio of a circle to its dia- 
meter (or 6.2832), and the weight at 
the end W of the lever will give the 
working power of the machine in pounds 
raised one foot per minate. Thus, in 
the example we have taken, the power 
is — 

lOOx 10X6.2832X 150= 1,042,480 lbs. 

raised one foot high per minute; this 
may be converted into horses*, power by 
dividing it by 33,000 lbs., which is the 
common estimate of the power of a 
horse in raising a weight one foot high 
in a minute, hi this way the power of 
the steam-engine is about equal to 31^ 
horses. 

This effective and generally applicable 
dynamometer has been variously modi- 
fied by different observers ; it is, or may 
be made for the experiments usually 
required, very portable, inexpefnsive, 
and a most useful piece of apparatus in 
practical mechanics. 



The dynamometer of M. Morin 
weighed 500 lbs., but so great a mass of 
materia] is not required. It is said that 
the whole apparatus (not including the 
weights used) may be made of not more 
than SO lbs. weight for trying engines 
exerting a working force of not more 
than twenty horses' power, and at an 
expense of about twenty-five shillings. 

3. CoUadofCt Dynamometer, — The in- 
strument which we have thus named is 
an application of the lever lately made 
by M. Colladon, of Geneva, for the 
purpose of measuring the power of 
steam-vessels. One of these instru- 
ments has been erected at the Royal 
Dockyaffd, Woolwich, which is of suffi- 
cient strength to experiment with steam- 
vessels having engines of 1000 horse- 
power*. It consists of a strong cast- 
iron frame A A, supported by a foot B, 
on which it is capable of turning hori- 
zontally, and which is firmly fixed to a 
stone flooring; upon this frame rests. 



-Pig. 35. 




by a knife-edge, the bent lever C C, 
with its fulcrum at a; one end of the 
lever holds a scale D by a knife-edge 
6, while to the other is supported a pair 
of strong plates E, carrying between 
them the pulleys F, to which ropes 
from the steam-vessel under experiment 
are attached. This acts on the shorter 
arm of the lever by a knife-edge c; the 
effective leverage is therefore shown by 
the dotted line, c and b being the extre- 



mities, and a the fulcrum ; in the Wool- 
wich instrument a 6 is to a c as 5 to 1 
nearly, the lengths being respectively 8 
feet 1 1 inches, and 1 foot 9 inches. A 
parallel motion G G prevents the piece 
E from moving out of the horizonal 
position when the ropes are being pulled 

* Throngli the kindness of the Lords Com- 
missioners of the Admiralty, we are ^labled 
to give a sketch of this dynamometer. 
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by ttie steam-yessel. The sustaining turn; both circles being diyided into 
frame H is screwed to the frame A, a hundred parts — a decimal division, 
and also helps to support by the rod I which should be always made, where 
the lever C, the knife-edge of which at possible, in any measuring instrument. 
a is terminated by a small oval plate, By a spring catch the friction wheel can 
one end of which may be seen in the be raised at pleasure from the disc 
diagram ; this carries a knife-edge, which A small portion of a clock-face d is 
rests upon the stirrup of the suspending placed at one comer of the box, to 
rod I, so that the two knife-edges are show how long the disc / has been re- 
in a vertical line. To prevent too great volving since the commencement of the 
a play of the scale end of the lever, experiment. 

there is a stirrup and wedge J, by which In making an experiment with this 
contrivance the arm is allowed in expe- machine, the vessel to be tried is con- 
rimenting to vibrate but a few tenths of nected by strong ropes to the block 
an inch. The siirrup-rod is fixed to an pulleys F, when the working parts of 
arm R, reaching from the frame A to a the vessel are ready ; weights are pro- 
short distance beyond the arm of the vided in the dynamometer house, and 
lever, and, turning upwards, terminates an indicator in the vessel, to show the 
in an horizontal position, and carries a effective force of the engines during the 
screw L to support a separate dynamo- time of the trial. When the dynamo- 
meter for measuring the extra weight of meter ropes are pulled tightly by the 
the long arm ofthe lever, which is several vessel, the whole power is put on, and 
hundred weight greater than that of the the scale of the dynamometer loaded 
shorter arm. and for obtaining a mean of with weights until the arm of the lever 
the oscillations of the lever during a is rather more than balanced ; the screw 
trial. The rod M is for strengthening L supporting the box dynamometer is 
the long arm of the lever, and prevent- then worked by its handles so as to 
ing the possibility of a flexure. raise the box, and cause the spring s t 

The additional dynamometer N is to help in supporting the lever arm ; this 

composed of two parts, not peculiar to operation is continued until the longer 

this instrument, — the spring s s which, arm rises from its bearing on the stirrup 

in bending or contracting, turns a small J and slightly oscillates, the wedge hav- 

axis carrying the hand which points to ing been pushed backwards to allow 

the scale e; and the disc / turned by requisite space ; the hand indicating the 

clockwork, turning by simple friction a pressure on the spring also oscillates, 

small horizontal wheel placed before it, and the small friction wheel is pulled 

whose axis works in a bearing g attached downwards from the centre of the face 

behind the disc to one side of the wheel which it touches, partaking of 

spring. the oscillating motion ; the clock-work 

The hand which revolves before the having been set going, an observation is 

scale e, as the spring moves, passes over made for two or three minutes of the 

a series of divisions expressing pounds' dynamometer on shore and the indicator 

weight, the scale being marked, from in the vessel simultaneously, when the 

to 1200 lbs. machine is stopped, and the number of 

The small horizontal friction wheel, divisions through which the little hand 
supported by the frame g, being in con- on the dial is connected with the friction 
nection with the lever, will of course wheel will show the revolutions made 
descend as that bends, from its position by the wheel during the two or three 
in which it touches the centre of the minutes ; as the disc / turns once in a 
disc f, where it is unmoved although minute, we can find the mean distance 
the disc may be turning by the action of at which the friction wheel should have 
the clock-work; in proportion as the been from the centre to revolve the 
wheel is drawn downwards, it will be observed number of times ; then it can 
turned more rapidly by friction with the be readily found, by means of the hand 
disc*; it is in connection with a small pointing on the scale e, the pressure 
clock-scale h for showing how many required on the spring to pull the fric- 
turns it has made during any time of tion wheel to the mean distance found ; 
revolution, and a scale upon its own and thus the mean tension on the spring 
circumference indicates the parts of a is obtained in pounds* weight. 
'■ By this instrument, it must be under- 

• Sec page 66 of the present treatise. stood, the power exerted by the paddles 
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with a kuowD expenditure or sC^am- 
power is ascertained for a vessel in still 
water and not in motion; it indicates 
no inferior or superior steaming qualities 
in the vessel tried. If tlie power of 
two Hteam-vessels were thus registered 
and found to be equal, it would not 
follow that the vessels would be equally 
available for service with rrtpect to 
their locomotive power. Again, the 
power measured by ibis dynamometer 
must Dot be supposed to exhibit the 
force exerted by the paddles when the 



is the same as tliet of the revolving 
paddles; when one paddle-board strikes 
the water, iCr pushes the fluid before it, 
and would create a space behind it filled 
with air but for the surrounding water, 
which rushes efler the paddle-board; 
the descending paddle-board, therefore, 
strikes the fluid which is moving in the 
same direction ; and the velocity with 
which the water moves is a quantity to 
be subtracted from that of the paddle. 
board, to find the true effect in water at 
rest. With vessels in motion this does 
not occur to so great an extent ; owing 
to the Inertia of the fluid, the vessel is 

Sropelled by the action of a paddle, 
oard, and the next meets the water in 
advance of the former paddle-board ; 
the water in this case is not obliged to 



_ voidable ilip of the paddle. 



Frklion. 

In the course of our remarks on motion, 
we have necessarily had to mention the 
powerfully retarding influence of friction 
on a moving body. Tiie subject is one 
of very great practical importance, as no 
problem in practical mechanics, relating 
either to locomotive bodies or the equi- 
librium of any combination of solid ma- 
terials, can be solved without taking into 
account the power of friction. A trea- 
tise upon this subject has already ap- 
peared*, in which the investigations of 
Coulomb and Vince are detailed at some 
length; since the time when these phi. 
losophers conducted their experiments, 
the same inquiries have been entered into 
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a preceding treatise*, obtained results, box along the bench. Beneath the 

different from those stated by Coulomb, sliding box D, and attached to the bench, 

more in consequence of the view which is placed a small bent lever dee, one 

he took of the subject than from the end of which presses upon the iron heel 

actual discordance of his experiments h, fixed to the under side of tlie box D, 

with those of Coulomb. the end d carrying a box of weights/; 

The experiments of M. Morin and this was used as an additional force to 

Mr. G. Rennie were made with respect give the starting motion to the box D. 

to the pressure, relative velocity of mo- It acts so long as the end e of the lever 

tion, and extent of the surfaces in con- is in contact with the heel h, or until the 

tact, both with and without unguents. arm d c comes in contact with the stop 

We shall first describe the beautiful i ; while the arm e pushes against the 

arrangements which M. Morin made for heel h, the force will be uniform, as that 

his experiments, and then state his re- part of the arm which touches the heel 

suits, with those of Mr. G. Rennie. is curved, and thus preserves the point 

The apparatus used by M. Morin is of contact at an equal vertical distance 

one capable of giving very accurate re- from the plane of the fulcrum c; also 

suits, and in its general principles most the weights in the box / are suspended 

useful for all researches respecting mo- from an arc of a circle whose radius is 

tion and forces ; it may be justly termed equal to d c, and by that means act with 

self-acting, as the results of any trial are a uniform force whether the lever is in 

registered by itself. The following dia- a horizontal or inclined position. In 

grams will explain the construction, with some of the experiments, this lever was 

the subsequent description f. dispensed with, a slight push being suf- 

A A A A, are beds of oak, about a ficient to give an initial velocity to the 

foot square in section, fixed in a truly sliding box. To prevent any lateral 

horizontal position, at a distance from motion of this box when an experiment 

each other of 2^ feet, which forms a was made, a sort of tail or long rod R 

bench for the sliding apparatus; upon {figt* 1 and 2), was fixed behind it, 

these beds the pieces C C are tem- which ran between rollers ; this, how- 

porarily fixed, holding the body whose ever, was found insufficient when ex* 

friction is to be tried, some of which perimenting with unguents ; and the su* 

is placed on the under side E £ of the perior contrivance shown in fig, 3 was 

sliding box D D. In experimenting, adopted : A A are the oak beds seen in 

bullets were used as the moving power, section, D being the sliding box, under 

A table F F is fixed between the four which were fixad two pairs of wheels 

uprights B B, to support the pully H, a, a ; these were adjusted so as to allow 

over which the cord I passes. This a play of about an inch between thepo. 

cord is attached at one end to the slid- and the sides of the bed. These wheels, 

ing box, and passing over the pully at rotating about very small a^les^ wero 

the other end to the box K, in which found to produce no noticeable friction 

weights are placed to drag the sliding during the experiments. 




* M«eluuucSy Third Treatise, art. 11, et seq. 
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a preceding treatise*, obtained results, 
different from those stated by Coulomb, 
more in consequence of the view which 
he took of the subject than from the 
actual discordance of his experiments 
with those of Coulomb. 

The experiments of M. Morin and 
Mr. G. Rennie were made with respect 
to the pressure, relative velocity of mo- 
tion, and extent of the surfaces in con- 
tact, both with and without unguents. 

We shall first describe the beautiful 
arrangements which M. Morin made for 
his experiments, and then state his re- 
sults, with those of Mr. G. Rennie. 

The apparatus used by M. Morin is 
one capable of giving very accurate re- 
sults, and in its general principles most 
useful for all researches respecting mo- 
tion and forces ; it may be justly termed 
self-acting, as the results of any trial are 
registered by itself. The following dia- 
grams will explain the construction, with 
the subsequent description f. 

A A A A, are beds of oak, about a 
foot square in section, fixed in a truly 
horizontal position, at a distance from 
each other of 2^ feet, which forms a 
bench for the sliding apparatus; upon 
these beds the pieces C C are tem- 
porarily fixed, holding the body whose 
friction is to be tried, some of which 
is placed on the under side E £ of the 
sliding box D D. lu experimenting, 
bullets were iised as the moving power. 
A table F F is fixed between the four 
uprights B B, to support the pully H, 
over which the cord I passes. This 
cord is attached at one end to the slid- 
ing box, and passing over the pully at 
the other end to the box K, in which 
weights are placed to drag die sliding 



box along the bench. Beneath the 
sliding boxD, and attached to the bench, 
is placed a small bent lever dc e^ one 
end of which presses upon the iron heel 
ht fixed to the under side of tlie box D, 
the end d carrying a box of weights/; 
this was uscmI as an additional force to 
give the starting motion to the box D. 
It acts so long as the end e of the lever 
is in contact with the heel A, or until the 
arm d c comes in contact with the stop 
t ; while the arm e pushes against the 
heel A, the force will be uniform, as that 
part of the arm which touches the heel 
is curved, and thus preserves the point 
of contact at an equal vertical distance 
from the plane of the fulcrum c; also 
the weights in the box / are suspended 
from an arc of a circle whose radius is 
equal to d c, and by that means act with 
a uniform force whether the lever is in 
a horizontal or inclined position. In 
some of the experiments, this lever was 
dispensed with, a slight push being suf- 
ficient to give an initial velocity to the 
sliding box. To prevent any lateral 
motion of this box when an experiment 
was made, a sort of tail or long rod R 
(Jigs, 1 and 2), was fixed behind it, 
which ran between rollers ; this, how« 
ever, was found insufficient when ex- 
perimenting with unguents ; and the su« 
perior contrivance shown in Jig. 3 was 
adopted : A A are the oak beds seen in 
section, D being the sliding box, under 
which were fixed two pairs of wheels 
a, a ; these were adjusted so as to allow 
a play of about an inch between thepi 
and the sides of the bed. These wheels, 
rotating about very small axles, were 
found to produce no noticeable friction 
during the experiments. 
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The box is stopped without concus- 
sion by two springs L L (fig. 2), which 
are fixed by bolts to the uprights. 

These arrangements form the common 
part of the apparatus; but it was re- 
quired to measure the effort exercised 
by the descending weight during the mo- 
tion, and also to note the spaces run 
during a certain time of motion. It is 
this part of the machinery which pos- 
sesses so much merit on account of its 
completeness and elegance. The dyna- 
mometer, or instrument which measured 
the force acting on the moving box, will 
be understood with the aid of figs, 4 and 
5, in which S S, ii, represent a com- 

Fig. 4. 



tremity of the beds, and the other end 
is stretched by the small weight k 
(fig, 2) : the thread is thus prevented 
from slipping over the pulley, when the 
latter is carried with the sliding-box 
along the bed. Fig, 6 exhibits in a 

Fig. 6. 




M 




pound spring of cast steel, composed of 
two branches, that nearest the box D 
being held by a fork fixed to the box, 
and the other branch S S by a hook^ to 
the cord I ; by calculation, the greatest 
thickness of each piece of steel required 
in order that it might bend to the extent 
of three feet with a pressure of 205.51b., 
was found to be nearly two-tenths of an 
inch. The ring r, by which the weights 
affect the spring, is fixed in the centre 
pf the branch by screws ; attached to it 
is a small tube, holding a pen />, the point 
of which, as may be seen in figt, 5, 6, 

Ffg. 5. 




rests upon the plate mm; this plate Is 
circular, moving freely on an axis, which 
is supported by the adjusting screws c c. 
Underneath the plate and on the same 
axis is fixed the pully P P, with a thread 
t passing once round it ; one end of the 
thread is attached to the right-hand ex- 



more distinct manner the important 
part of this apparatus. By this con- 
trivance the circular plate m is made to 
revolve. A sheet of paper is fixed upon 
this plate to allow the pen p, which is 
previously supplied with Chinese ink, to 
draw a line upon it : if the spring W^re 
not stretched at all, the line described 
would be circular; but as the spring 
bends the pen will mark a corresponding 
deviation from the circular line, and the 
amount of this deviation is the measure 
of the flexion of the spring, or of the 
pulling force of the weiglits on the slid- 
ing box; again, as the plate revolves 
while the box is moving, the variation 
in the deviation of the line, or curve 
drawn from the circular, indicates the 
varying intensity in the action of the 
force on the spring. The curve thus 
drawn on the paper was denominated 
by M. Morin the curve of tensions. 

The other self-registering apparatus 
was to determine the spaces moved by 
the sliding box in regular intervals of 
time, or the law of movement. It was 
placed in connection with the pulley H 
(fig, 7). On the same axis with the 
pulley H is a smooth plate of metal 
V V, fixed firmly to the axis by a 
screw V, which pressed it tightly against 
the broad shoulder formed on the end of 
the axis, the vertical face of which was 
truly turned. Opposite to this plate the 
wheel «;, carrying a pen jo, turns on an 
axis which passes into the box W ; a 
simple clock train is contained in the box, 
by which the wheel and consequently 
the pen is made to revolve with a uniform 
motion. In the use of the instrument it is 
most important that the wheel w be per- 
fectly parallel to the plate VV; unless it 
is so, the pencil will not mark during the 
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whole time of its revolution. The box space moved through duriog each por- 

W is supported by an axia X on two tion of that time, — that is, the rate of 

posts R, standing upon their fe<?t y, motion. 

which are fixed to the sliding table / The following diagrams exhibit the 

by screwj ; in the foot of one of these manner in which the curves are drawn 

posts, the hole through which the tight- by the instruments in one of the ei- 

. ening screw passes is lengthened into a perimenta on the friction of oak upon 

slot or slit, BO as to allow of the foot oak. 

being pushed backwards or forwards for F'ig. 8 * is the curve of the dynamo- 

a horizontal adjustment of the clock meter attached to the box D, the lines 

case; the case has a vertical rotation drawn from the centre of the circle to 

upon its axis X, and the wheel to is ad- the curve traced representing geome- 

justed truly perpendicular by the screw trically the tension of the spring at those 

i, working through a fixed nut, and in points. In the second^. 8 a, the curve 

the lower part of the box) a spring is is set off*, the base line A B, in geome- 

alao fixed to the nut, and presses against trical language called the abscissa, re- 

the box to insure the steady movement presenting the space described during 

of the box when the screw is turned ; the time the cur»e is drawn, and vertical 

the parallelism of the pencil wheel W lines (or ordiflaies) as C D, the tension 

and the plate V V being accurately ef- of the spring. 

fected by these anangements, the table lnj%. 9 a is shown the curve drawn 

/, carryiiw the box and pencil wheel, can by the registering instrument for detcr- 

be moved towards the plate V V by the mining the rate of motion. The pen p 

screw t, so that the pencil p, when in connection with the clock-work in 

moved, may make a mark on the paper, the box W is allowed to describe a 

Each of these self-r^atering instru. circle, which, in the experiment we hate 

Dien'ts draws curves, by which is shown, mentioned, was done in two seconds ; 

in the first, the tension of the spring and the circle thus drawn was divided 

during the motion of the box D ; in the into ten equal parts, and through these 

second, the time of motion, and the dotted circles were drawa, 
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a preceding treatise*, obtained, results, 
different from those stated by Coulomb, 
more in consequence of the view which 
he took of the subject than from the 
actual discordance of his experiments 
with those of Coulomb. 

The experiments of M. Morin and 
Mr. G. Rennie were made with respect 
to the pressure, relative velocity of mo- 
tion, and extent of the surfaces in con- 
tact, both with and without unguents. 

We shall first describe the beautiful 
arrangements which M. Morin made for 
his experiments, and then state his re- 
sults, with those of Mr. G. Rennie. 

The apparatus used by M. Morin is 
one capable of giving very accurate re- 
sults, and in its general principles most 
useful for all researches respecting mo- 
tion and forces ; it may be justly termed 
self-acting, as the results of any trial are 
registered by itself. The following dia- 
grams will explain the construction, with 
the subsequent description f. 

A A A A, are beds of oak, about a 
foot square in section, fixed in a truly 
horizontal position, at a distance from 
each other of 2^ feet, which forms a 
bench for the sliding apparatus; upon 
these beds the pieces C C are tem- 
porarily fixed, holding the body whose 
friction is to be tried, some of which 
b plajced on the under side E £ of the 
sliding box D D. In experimenting, 
bullets were used as the moving power. 
A table F F is fixed between the four 
uprights B B, to support the pully H, 
over which the cord I passes. This 
cord is attached at one end to the slid- 
ing box, and passing over the pully at 
the other end to the box K, in which 
weights are placed to drag the sliding 



box along the bench. Beneath the 
sliding boxD, and attached to the bench, 
is placed a small bent lever dee, one 
end of which presses upon the iron heel 
h, fixed to the under side of the box D, 
the end d carrying a box of weights/; 
this was used as an additional force to 
give the starting motion to the box D. 
It acts so long as the end e of the lever 
is in contact with the heel A, or until the 
arm d c comes in contact with the stop 
i ; while the arm e pushes against the 
heel A, the force will be uniform, as that 
part of the arm which touches the heel 
is curved, and thus preserves the point 
of contact at an equal vertical distance 
from the plane of the fulcrum c; also 
the weights in the box / are suspended 
from an arc of a circle whose radius is 
equal to d c, and by that means act with 
a uniform force whether the lever is in 
a horizontal or inclined position. In 
some of the experiments, this lever was 
dispensed with, a slight push being suf- 
ficient to give an initial velocity to the 
sliding box. To prevent any lateral 
motion of this box when an experiment 
was made, a sort of tail or long rod R 
(Jigs. 1 and 2), was fixed behind it, 
which ran between rollers ; this, how.i 
ever, was found insufficient when ex- 
perimenting with unguents ; and the su- 
perior contrivance shown in JSg, 3 was 
adopted : A A are the oak beds seen in 
section, D being the sliding box, under 
which were fixed two pairs of wheels 
a, a ; these were adjusted so as to allow 
a play of about an inch between thepi 
and the sides of the bed. These wheels, 
rotating about very small axles, were 
found to produce no noticeable friction 
during the experiments. 
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had been drawn through the extremities ratus M. Morin was enabled to experi- 

of the ordinates, a number of tangents ment upon a great number of substances 

were drawn to the curve, all meeting used in the arts, and deduce several laws 

the tangent A T, and, on perpendiculars relating to the friction of bodies in mo- 

to them being drawn, it was found that tion one upon another ; in his experi- 

they constantly cut one another in the ments on the friction of oak moving upon 

point F, and demonstrated mechanicafly oaks, for example, the results which he 

that the curve was a parabola. obtained from four trials were as fol- 

With this complete and elegant appa- lows : — 

Ttfo ««• ir««wki> Surface in contact Pretgure. Friction. Ratio of Friction XlIS^^s? 

NaofExper. upumteeL lbs.av. Ita.av. toPreswire. ft°S?iiS 

1 2.79 295. 141.1 .477 2^6 

2 2.79 970.4 466.4 .480 1.34 

3 0.94 120.5 56.9 .472 4.92 

4 0.03 604. 72.9 .484 3.47 

Comparing the figures thus given by termining the friction of quiescence do 

the experiments, we may observe that not so closely agree with the general 

there is little difference between the laws. 

amounts in the fifth column, the mean Mr. Rennie carried on his experi- 

of them being 0.478; this quantity is ments with a much greater insistent 

called the coefficient of friction, and, to pressure than that used by M. Morin, 

find the friction of two pieces of oak indeed so far as to reach the limits of 

moving one upon another under any pres- abrasion. In one experiment he tried a 

sure, we multiply the pressure by this weight of 10 tons per inch on hardened 

coefficient. As this coefficient or ratio steel, which abraded under so great a 

appears to have nearly the same value pressure. From a number of triads with 

notwithstanding the variation in the different substances, such as leather, 

pressures— -from 120 lbs. to 970 lbs. — we cloth, ice, wood, stones, and metals, 

may justly infer that the friction is pro- he drew the following conclusions : — 

portional to the pressure ; again, we find 1. With fibrous substances (such as 

that the ratio has not altered although cloth,) friction is increased by surface 

the surface used in the first trial was so and time, and diminished by pressure 

much greater than in the last, whence it and velocity. 

appears that extent of surface in action 2. With harder substances, such as 

does not affect the amount of friction ; woods, metals, and stones, and within 

lastly, on comparing the velocity column the limits of abrasion, the amount of fric- 

with the ratio, it exhibits no connection tion is as the pressure directly, without 

fit all with the small variations in the co- regard to surface, time, or velocity, 

efficient of friction, and evidently does 3. With dissimilar substances gliding 

0ot affect it. From very many similar against each other, the measure of fric- 

experiments, he determined — tion will be determined by the limit of 

1. That the friction is constant and abrasion of the softer substance, 
proportional to the pressure. 4. Frictiod is greatest with soft, and 

2. That it is independent of the ex- least with hard substances. 

tent of the surface in contact. The friction of substances, when the 

3. That it is independent of the ve- rubbing surfaces are covered with an 
locity of motion. unguent, as tallow or oil, has been tried. 

It will be seen that these laws were and from the numerous experiments of 

stated by Coulomb ; but they were not M. Morin it appears that the friction in 

entitled to so great confidence as in the this case does .not vary in amount ac- 

present case, on account of the want of cording to the substance used, but to 

uniformity in the results which he ob- the nature of the unguent ; it varies also 

tained. with the quantity of the unguent be- 

Other general laws of friction have tween the rubbing surfaces ; when hog- 
been also fully established by the ex- lard and olive-oil were interposed so as 
periments of M. Morin and other philo- to form a very thin continuous stratum, 
sophers. It has been found that the between the surfaces of wood sliding on 
friction of moving bodies, and that of wood, metal on metal, and metal on 
bodies at rest, are subject to the same wood, the proportion of the friction to 
laws, although the experiments which the pressure is between 0.07 and 0.08. 
have been made with the view of de- With tallow the same value for friction 



— ...^-:»- 



CONSTRUCTION OF MACHINERY. 



107 



was obtained, except in the case of 
metals sliding on metals, ;when the 
mean friction was found to be 0.10; by 
which it appears that tallow is not so 
well adapted as an unguent for metals 
when sliding on or against metals as the 
two former substances. 

A very useful consideration arises 
from the principles of friction, namely, 
the limiting angle of resistance, or the 
angle at which a body pressing on 
another will begin to slip. Suppose 
the body B (Jig, 10), be placed on the 
inclined surface A D, it will press by its 
weight on the direction P C, while the 
plane resists in the direction C E; re* 
solving the force P into two, one in the 
direction of the plane's resistance or 
C E, and the other parallel with the 
surface of the plane or F C, by the 

Fig. 10. 




principle of the parallelogram of forces, 
the lines F C and E C will respectively 



represent the relative force in edch of 
the directions A D, • E C ; now the 
body B will or will not slide on the 
plane according as the friction produced 
by the weight B is less or greater than 
the force F C, acting along the plane ; 
the conditions upon which the equili- 
brium of the body D depend are there- 
fore two — the magnitude of the angle 
E C P, and the friction of the sub- 
stance, and, as the relative friction of 
the same substance will not vary when 
the angle E C P varies, it is obvious 
that there must be some angle at which 
the friction brought into action by the 
pressure E C will be less than the mov^ 
ing force F C ; and the body will com- 
mence sliding; the angle at which the 
two forces become equal is called the 
limiting angle of resistance *. 

The same general laws are found to 
apply in the friction of axles upon their 
bearings. This subject, of so much 
interest in machinery, was also investi- 
gated by M. Morin, with a suitable ap- 
paratus. From his experiments he con- 
cluded that for axles of iron and cast 
iron in cast-iron or brass bearings, when 
lubricated with oil, hog- lard, or tallow, 
the relation of the friction to the pressure 
is the same as in the following table:— 



F 
P 

When continually lubricated 0.054 

Lubricated in the common way 0.070 to 0.080 

A little unctiious, dry or wetted with water .... 0.140 to 0.160 



These results are similar to those ob- 
tained in the experiments on plane sur- 
faces sliding upoil one another. When 
water was used to moisten axles which 
had been greased, the relation of the 
friction to the pressure was found to be 
more constant for a, length of time, the 
water keeping the lubricant cool, and pre- 
venting its expulsion. 

The following tables give the most 
useful results obtained by M. Morin, 



from his experiments on the friction of 
plane surfaces, — in the first series, when 
they have been some time in contact, 
and in the second series, where the sur- 
faces are in motion one upon the other. 
In the experiments for the purpose of 
ascertaining the values given in the first 
series of tables, the same general laws 
were found to hold as in the friction of 
motion, although in some instances there 
was considerable disagreement. 



* Let the force F 0»P, the angle E G P 
*»a, and/ the coefficient of friction, then the 
force in the direction E is P. cob. at, and in 
the direction A J), P. sin. a, the limiting angle 
of resistance is obtained ^hen 

P. sin. a =»/ P. cos. « ; 
if we divide this equation by P. cos. », we re- 



duce it to 

tan. «=/, 
or the tangent of the angle of resistance is equal 
to the coefficient firiction of the substance ; 
from this the angle may be readily found. We 
are indebted to the Bey. H. Moseley for bring- 
ing the subject into notice. 
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I. — FftictioN OF Pl^nb Surfaces, when they have been some time in contact. 



SuzftoM in contact 



Dtopotition of 
fibres. 



Oak upon oak Parallel . . 

Ditto . . . 

Perpendicular 

Ditto . . . 

Vertical upon 
horisontal 

Oak upon elm Parallel . • 

Elm upon oak Ditto . . • 

Ditto . . • 

Perpendicular 
Ash, fir, beech, and service-tree, Parallel . . 

upon oak 
Leather (tanned) upon oak . . Leather flat . 

Sideways . . 

Ditto . . . 
Black dress. fU^Fjanesur-jp^U^j ^ 

Upon round sur- 1 !>«„»-« jt«„io, 
See of oak >PeT«»d»«Jw 



Lubricant 

None 

Rubbed with diy soap 

None 

Water . , . . . 
None 

Ditto 

Ditto 

Rubbed with dry soap 

None 

None 

Ditto 

Ditto 

Wetted with water . 



Relaaon 

of Met- 

tion to 

prenuxe. 

0.62 
0.44 
0.54 
0.71 
0.43 

0.38 
0.69 
0.41 
0.57 
0.53 

0.61 
0.43 
0.79 



Limit- 
ing aD^Ie 
ofreatst* 

ance*. 



ed leather-< 



(for straps) 
Hemp matting upon oak . 



Ditto 



Ditto 

Wetted with water 



None 0.80 



. Parallel . 

Ditto . . 

Hemp cord upon oak . . . Ditto . . 

Iron upon oak Ditto . • 

Ditto . . 

Brass upon oak. ..... Ditto . . 

Copper upon oak Ditto . . 

Ox-hide upon cast iron (as for Flat, or side- Wetted with water 
pistons) ways 

Ditto . . 

Black dressed (or strap) leather Flat . . 
upon cast iron pulley 

Ditto . . 
Cast iron upon cast iron ... 



0.50 
0.87 



Ditto 

Wetted with water 

Ditto 

None 



Oil, tallow, or hog-lard 
None 



0.62 
0.65 
0.65 
0.62 
0.62 

0.12 
0.28 



Iron upon cast iron 

Oak, elm, yoke elm, iron, cast 1 
iron, and brass, diding in pairs V 
upon each other J 

Calcareous stone upon calcare- 
ous stone II 

Hard calcareous stone (mus* 
chelkalk) upon calcareous 

- stone 

Brick upon calcareous stone 



Wetted with water 
Nonef . . . , 
Ditto 



0.38 
0.16 
0.19 

Tallow 0.10^ 

Oil or hog-lard . . 0.15§ 

None 0.74 

Ditto 0.75 



Ditto 



Oak upon ditto Wood, endways Ditto 

Iron upon ditto ... Ditto 

Muschelkalk upon muschelkalk ... Ditto 

Calcareous stone upon muschel- . . . Ditto 

kalk 

Brick upon ditto 

Iron upon ditto 

Oak upon ditto . ..... 

Calcareous stone upon calcare- 
ous stone ^. 



0.67 
0.63 
0.49 
0.70 
0.75 



Ditto 0.67 

Ditto 0.42 

Ditto 0.64 

With a layer of mor- 0.74 

tar (of three parts of 

fine sand, and one oi 

slacked lime) 



23 
28 
35 
23 

20 
34 
22 
29 
27 

81 
23 
38 



26 
41 
38 
31 
33 
33 
31 
31 

6 
15 

20 

9 

10 

5 

8 

36 
36 



33 
32 
26 
35 
36 
33 
22 
32 
36 



4W 

45 

22 

23 

16 

49 
37 
18 
41 
56 

23 
16 
19 



None a74 36. 30 



047 25 11 



34 
2 

40 
48 
2 
2 
48 
48 

51 
39 

49 

6 

46 

43 
32 

30 
52 



50 
13 
7 

52 
50 
47 
38 
30 



* This column is taken firom Mr. Moseley's 
work, before referred to. 

f The siir&ce retaining some nnctuosity. 

i When the contact has not continued long 
enough for the expression of the tallow. 

§ When the contact has lasted a sufficient 
time for the lubricant to be expressed and 



bring the surfaces to an unctuous state. 

II The stone used in these experiments was 
a soft stone from. Jaumont, belonging to the 
great oolite formation, of a yellow colour, and 
tolerably homogeneous, weighing 135 lbs. per 
square foot 

^ After a contact of firom 10 to 15 minutes. 
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II. — Friction of Plans Surfaces, moviDg one upon another. 



SuiflMies in contact. 



Oak upon oak 



Elm upon oak 



Ash, fir, beect* wild pear-tree, 

and service-tree, upon oak 
Iron upon oak 



Cast iron upon oak .... 



Copper upon oak 

Iron upon elm •...•• 
Cast iron upon elm .... 
Black dressed leather upon oak 
Tanned leather upon oak . . 



Tanned leather upon cast iron 
and brass 



Hemp in thread or in cord, 
upon oak 



Oak and elm upon cast iron . 
Wild pear-tree upon cast iron • 

Iron upon iron 

Iron upon cast iron and brass • 
Cast iron upon cast iron and 
brass 

r upon brass . . . 
Brass . • < upon cairt iron • • 

C upon iron • . . 



Disposition of 




Relation of 
friction to 


Limiting 
angle of 


flbras. 


Lubricant. 


pnssure. 


resistance. 


Parallel . . 


None .... 


0.48 


25« 


39 


Ditto . . 


Rubbed with diy 


0.16 


9 


6 


Perpendicu- 
lar 
Ditto . . 


BUap 

None .... 


0.34 


18 


47 


Wetted with wa- 


0J3L5 


14 


3 


■ 


ter 








Vertical up- 


None .... 


0.19 


10 


64 


on hori- 










zontal 










Parallel . . 


Ditto .... 


0.43 


28*» 


17' 


Perpendicu- 
lar 
Parallel. . 


Ditto .... 


0.45 


24 


14 


Ditto .... 


0.25 


14 


3 


Parallel . . 


None .... 


0.96 to 0.40 


20* 


to 22" 


Ditto . . 


Ditto . . - . 


0.62 


3r 


48 


Ditto . . 


Wetted with wa- 
ter 


0.26 


14 


35 


Ditto . . 


Rubbed with di; 
soap 


0.21 


11 


52 


Ditto . . 


None .... 


0.49 


26 


7 


Ditto . . 


Wetted with wa. 
ter 


0.22 


12 


25 


Ditto . . 


Rubbed with dry 


0.19 


10 


46 


Ditto . . 


soap 
None .... 


0.62 


31 


48 


Ditto . . 


Ditto .... 


0.25 


14 


3 


Ditto . . 


Ditto .... 


0.20 


11 


19 


Ditto . . 


Ditto .... 


0.27 


15 


7 


Flat or side. 


Ditto .... 


0.30 to add 


17** 


tol9*» 


ways 
Ditto . . 


Wetted inth wa- 
ter 


0.29 


16» 


11' 


Ditto . . 


None .... 


0.56 


29 


15 


Ditto . . 


Wetted with w»- 
ter 


0.36 


19 


48 


Ditto . • 


Unctuous, and 
wetted with wa- 
ter 


0.23 


12 


58 


Ditto . . 


Oil 


0.15 


8 


32 


ParaUel. . 


None . . • • 


0.52 


27 


29 


Perpendicu- 


Wetted with wa- 


0.33 


18 


16 


hir 


ter 








Parallel. • 


None . . . 


0.38 


20 


49 


Ditto) . . 


Ditto .... 


0.44 


23 


45 


Ditto . . 


Ditto . • . . 


0.44* 


2d 


45 


Ditto . • 


Ditto .... 


0.18 


10 


13 


• •• 


Ditto .... 


0.15t 


8 


32 


• •• 


Ditto .... 


0.20 


11 


19 


• •• 


Ditto .... 


0.22 


12 


25 


• •• 


Ditto .... 


0.16t 


9 


6 



* The iiu&ees wear when there is no lubricant 
f The sorfiEices retaining a little unctuosity. 
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Relation of 


Limiting 
anffle or 




DiipMitionof 




flriction to 


Surftocs in contact 


fibres. 


Lubricant 


preuure. 


zesittance. 






rin the common 


0.07to0.08» 


4°to4»35' 


Oak, elm, yoke elm, wild pear-" 
tree, cast iron, iron, steel, and 
brass, sliding in pairs upon 


» Ditto . .< 


way, with tal- 
low, hog-lard, 
oil, cart-grease, 
Ac 








one another, or themselyes J 




Slightlyunctuous 
^ to the touch 


0.15 


8«» 


32^ 


Calcareous (oolitic) stone upon 


• • • 


None . . . . 


0.64 


32 


37 


calcareous stone 












Musehelkalk upon calcareous 


• • • 


Ditto • . • « 


0.67 


as 


50 


stone 












Common bricks upon calcare- 


Ditto . . 


None . . . . 


0.65 


33 


2 


ous stone 












Oak upon calcareous stone . . 


Wood, end- 


Ditto . . . . 


0.38 


20 


49 


Wrought iron upon calcareous 


ways 
ParaUel . . 


Ditto . . . . 


0.69 


34 


87 


stone 












Musehelkalk upon musehelkalk 


Ditto . . 


Ditto . . . . 


0.88 


20 


49 


Calcareous stone upon musehel- 


Ditto . . 


Ditto . . . . 


0.65 


,S3 


2 


kalk 












Common brick upon musehel- 


Ditto . . 


Ditto . . . . 


0.60 


30 


58 


kalk 












Oak upon musehelkalk . . . 


Wood, end- 


Ditto . . . . 


0.38 


20 


49 


• 


ways 
Parallel . . 










Iron upon musehelkalk . . . 


Ditto . . . . 


0.24 


13 


20 




Ditto . . 


Wetted with wa- 
ter 


0.30 


16 


42 



III.— Friction of Axles (or Gudgbonb) in motion upon their bearings. 



Nature of the lui&ces in contact 



Relation of flriction to pressure 

State of the sur&ees. ^^*° '^ *"*'"««*^ ** •PP"^ 

In the usual way. Continually. 

With oliTe-oil,hog-lard,ortaUow 0.07 to 0.06 0.054 

With the same, and water . • 0.079 

C«t-i™naxle.upoao..t.iroB W|J['J^»»'^» ; ; : ; ;, ^^ 

°®*'*°" ^ Ditto, and with water. . . . 0.137 

Very unctuous 0.073 

^ Ditto, and with water . . . 0.073 

With olive.oil,hog-Iard or tallow 0.07 to 0.06 0.054 

Soft cart.grease 0.065 

Unctuous 0.166 

Without luhricant 0.185 

With oil or tallow ... 0.092 

, Unctuous (with oil) .... 0.100 



Cast-iron axles upon brass bear- ^ 
ings 

Cast-iron axles upon lignum-^ 
vitse bearings 



Iron axles upon cast-iron bear- ^ 
ings 



With oliTe.oil,hog-lard or tallow 0.07 to 0.08 0.054 

Ditto 0.07 to 0.08 0.054 

With cart-grease 0.090 

Unctuous, and with water . . 0.189 

With oil 0.114 

With hog-lard 0.185 

Brass axles upon brass hearings! ^ithml^^^. ...... 0.101 

Brass axles upon cast-iron bear- r With oil ... 0.052 

ings \ With tallow ... 0.045 



Iron axles upon brass bearings " 

Iron axles upon lignum-vitse ^ 
bearings 



* When the lubricant is unceasingly renewed, and evenly distributed, this value can be 
reduced to 0.05. 



CONSTRUCTION OF MACHINERY. HI 

The type cylinder A is seen in the 
THE "TIMES" PEINTING MACHINE, plan,^. 1, with several of the printing 
«. .u u X c '11 * *• r cylinders, B, at the circumference, to 

Since the chapter of illustrations of each of which is attached the machinery 



, . 1 . - ^ would be printing a sheet on the drum 

paper, m which the pages of type are g, ^^^ ?orms or beds are fixed by 

held m chases or iron beds of a polygona^ ^;^^^ ^ j,,^ ^ ^^^ ^ ^ „f ^^ 

form, winch admits of their being placed j,^„^^ cylinder; beyond which is 

on the peripheiy or circumference of a ^^ the great axis or spindle C of the 

large iron cylinder, supported by frame- -yUndgf 

""■■^ 'i'u° '*u)'"' position, and sur- '^^^ '^^^^.^ .j.^^ ^^ ^^^ .^, 

rounded by e«ht smaller iron cyhnders. ^„j,^ however, the necessity of an 

each furnished with woollen coverings horizontal motion of the paper while in 

in the usual manner, so that the type. ^ ^^^, jtion. This is eleganUy 

in revolving with the cylinder, comes ^^^^ . ''(^g f^. apparatus, an 

m contact with each of the impressing ^^^ ^.^^^\^ ^^^^ vipyll m fie. 3. 

cyhnders successively, and thus eight ^he sheet of paper, being laid on the 

sheets ofpaper are printed during every feed.board. D. after the usual manner 

'*^''^*'°"' ..,,., I.- • »u in news machines, it is caught by the 

This vertical cylinder machine is the ^^^ ,„„„j ^t^^^ ^ 

mvention of Mr. Augustus Applqjath. ^^ ^^ conveyed over the entering 

and was designed by him esneciaUy for j,„^ ^ ^j downwards between thi 

the use of " The Times, the circula- ^^,,,^,3 ^^ ^,,g„ jj ,^^^ ^ ^^^ ^ 

tion of which had outstnpped the powers ,^ j^ j^ gudjenly stopped by twS pirs 

of the four-cylinder machine, which he ^^^^^ • ^^ ^f ^^„j F F, A- 1, cklled 

invented for the same journ^ in 1827. gjoppere, the tapes round dd opening 

In page 91 of this treatise. Mr. Little s ^ ^;^^ ^^^ ^^^^*' ^^f^ prevent them 

patent printing machine has been de- f,„^ ^^^bing against the sheet ofpaper. 

scribed, the drawing of which illustrates ^^.^^ j^ gu^p^^ted in iU verticJ posi- 

thegeneral features of the old four-cy- ^^^^ ^y the stoppers and two small 

Imder machine, in which two of the print- filers, e. A. 3. on delicate springs, 

ing cylinders pressed on the type when it ^he stoppers instantly open, leaving the 

moved m one direcUon. and two when ^^^^ suspended by the rollers only ; the 

It returned, so that, although the type ^^^j^ devolving rollers, G G, then 

moved <i«c« under the four cylinders, collapse, and give motion to the sheet 

yet only four sheets received m im- betwwn them, 8, fig. 1. pusWng it 

pression, and it may be said that half of between two sets of horizontal tapes, 

the motion was lost. In the .vertical jj ^ ^y^^ ^^ towards the im- 

machine, the inventor has attamed his pressing cylinders, B', where it meets 

object of making available the whole JJ,g -^^^.^^ ^ ^j ^^e printing is 

motion of the type, bv exchanging the effected; leaving the impressing cylinder, 

reciprocating horizontal for a contmuous ^^^ j^eet is called out by tapes in the 

circular motion . direction of the dotted line, by two 

In the following figures we have ^^^^^ g^^, ^f horizontal tapes, 1 1, as 

given an elevation, and plan of the f^^ ^ ^y^ ■ ^f ^ners, K, thence it 

machine, with a n end view. ,, carried on by a single pair of tapes 

— ' at the top of the sheet until it stops, 

* This piactiee if more conformable to and remains suspended between two 

theory, for in a eotUinuofu (whieh miut be pairs of small conical rollers, L L, until 

curvilineal) motion the inertia of the mawes the " taker-ofi"' lays it on his board, 

in motion does not interfere prejudicially, but, jhe direction of motion is indicated by 

on the contrary, preserrea regularity in the ^j^e arrows 

movement; in the reciprocating motion, a The combination of mechanical move- 

S.''^«'.^Wl.t'',LTd'::»d^% ^T!^ '''%V''tV^'%\'^'^'''' 

when at the extremity of it> trayer«, pro- interesting. The shaft M, which drives 

during a fearful «tiain on the parti in action, the drum E, is m gear with the wheel 

and a eonudenUe Iom of time and the power N, on the shaft O, which carries the 

applied. series of cam or eccentric wheels, f,gtk. 
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the tod n, which, by bent leven, m- 
parates the rollers da. 

The rate of motion of the tjpe cy- 
linder ii about 00 inchei per second, so 
that OD error in the arnTM of the sheet 
of paper to the impressing cylinder of 
the sixtieth part oT a second would 
cause an error of one inch in the margin, 
and damase the sheet; yet the simple 
means weliave described perform these 
delicate operations with such accuracy, 
that the Bnoilage of stamped sheets is 
coBsiderably less with this machine than 
tbe old form. 

For inking the type there are three 
rollers, P, between each impressing cy- 
linder ; in the commou machines the 
inking rollers bear upon the type and 
distributing tables by iheir own weight, 
but, as they must be in a vertical position 
in this machine, long coil springs are 
used (see^. 1) to keep them in contact 



The first of these, ff, bear t^nst rollen 
on the rods i ■', and, in tbe course of a 
revolution, allow them to Gdl inward, 
carry! Dgtlie stoppers F against the paper. 
The cam g acts on the spindle carry- 
ing the finger rollers e, and, in revolving, 
pushes them against the sheet of paper. 
The cam K (seen also in Ji^. 3,) regu- 
lates the action of the vertical rollers, 
G G, at the proper time allowing the 
superincumbent pulley b to fall, pushing 
the rod / downwards, and by the bent 
levers forcing the leil-hand rollers, G, 
inwards *. The cam m serves to raise 



rollers, a wood table (part of which is 
seen in fig. 2) is attached to the type 
cylinder, and receives an up and down 
niolion from an undulating railway at 
the lower part of the cylinder, which 
affects the distribution of the ink, with- 
out the use of the diagonal rollers, in 
the usual form of printing machines (p, 
69). The ink is supplied from a copper 
Teste! at the upper part of the machine, 
it gradually moves down the box R, 
fig. I, into one comer of which a roller 
intrudes; this toller is driven round by 
a shaft and bevel, S, and carries with it 
as much ink as the edge of the box will 
allow; this is communicated to a smaller 
roller, playing between the ink roller 
and the dislributing table, as in the 
common machines. The .vertical posi- 
tion of the inking rollers proves superior 
to the ordinary or horizontal arrange- 
ment, as the surface only of the letter 
is touched by the rollers, and the form 
of t^pe is as clean after printing 38,000 
copies as it was at the banning. 

The type cylinder is 04 inches in 
diameter, and the chases or forms have 
a bottom of a polylateral shape, so that 
a form of type is a portion of a polygon ; 
and as the type is of the ordinary shape, 
the column rules, a a, are of a wedge 
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form, fixed at one end of the chase by a is ^tb of an inch, a quantity of little 

pin, and drawn tightly by a screw at the consequence in such a case ; this is 

other extremity; each column of the compensated for by four overlays of 

type also is individually secured by set cartridge paper of various widths fixed 

screws, and the form thus prepared is on the impressing cylinders, 

found to be completely uninfluenced by The produce of this machine, at the 

the centrifugal force created in working present time, is 9120 per hour, or 152 

the machine. It might be supposed, sheets every minute, while the recipro- 

as a column of type is not a part of eating machines, when at their greatest 

the circle, but a chord, that the impres- spee^ would not afford more than from 

sion at the sides of a column would be 5000 to 6000 impressions per hour ; the 

very strong, but in the middle very faint; present machine is not driven at its 

but it will be found on calculation, that, maximum speed, the chief difficulty 

owing to the great diameter of the being the inability of the " taker-off " 

cylinder, the difference between the to arrange the sheets as rapidly as they 

^hord and the arc in this particular, are supplied to him by the machine, 
with a column of 2| inches in breadth. 



Id 
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Chapter I, — Action of Forcet. — Ife- 
latioru of contending forcet with re* 
aped to a body on which they act,'~^ 
Stability of the Centre of Gravity, 

» 

(1.) Statics, considered with reference 
to artificial structures, is a subject of 
very deep inauiry, and, in order to de- 
Telope fully the scientific principles re- 
gulating the stability of a combination 
of material parts in certain forms, a fa- 
miliarity with the more general views of 
statical science is indispensable. It is 
our purpose in the following chapters 
to give an outline of the theory of equi- 
librium as applied to engineering and 
architecture, comprehending the opera- 
tions of framing, roofing, the erection of 
domes, bridges, centres, and arches ge- 
nerally ; other structures, as walls, piers, 
columns, and lighthouses, are also the 
subjects of statical investigation^ which 
points out the conditions necessary to 
be observed in the combination for the 
maintenance of its form and position, 
while subjected to the action of forces 
in directions, and with powers which 
are indicated by the circumstances of 
placed material, and form; or, where the- 
probable forces are first considered, the 
science of equilibrium demonstrates the 
form of the structure best adapted to 
sustain the given forces. The practical' 
calculations resulting from such theo« 
retical investigations introduce the con- 
sideration of the strength of the ma- 
terials used, of wood, stone, or metals ; 
the proper form of joints for advanta- 
geously fitting the parts together; of 
cements, and other means of uniting 
joints; and the artificial methods of 
strengthening the materials. 

(2.) The forces which' may act on 
the parts of a structure have a tendency 
to give one or more of them a^ motion 
either of translation' or rotation. The 
result of forces acting in one plane, but 
not in the same nor the opposite di- 
rection, have been determlDed in formcv 



parts of these treatises *, by reference 
to a simple experiment, tt has thus 
been shown that two forces may be 
sustained by a third force — a resultant 
-^all acting in the same plane, the forces 
being represented by two sides and the 
diagonal of a parallelogram, drawn so 
as to give the relative direction and 
quantity of the forces f ; also, that where 
a number of unequilibrating forces act 
on a point in one plane, the lines repre- 
senting them in magnitude and direction 
may be formed intoa polygon with one 
side wanting, and thai a force applied 
ta the point in- the direction of this 
side, and proportionid to it, will produce 
equilibrium, and the point remain at 
rest. 

(3.) The former of these propositions 
may be more conveniently stated thus : — 

When Br body or system of bodies 
acted on by three forces is in equi- 
librium^ the forces are proportional to 
the sides of a triangle having their di- 
rections. 

Thus, in the case of the three forces, 
A, B, C 0%. 1), we may draw a line 




• Mech. Treat. I., cliap. 2; Treat ILj, 
chap. 2 ; Treat. IT., chap. 2. 

t The demonstration of this important pro- 
position on mathematical principles is difficult. 
A geometrical form has been given by H. Dn* 
chayla, which is transcribed into Mr. Pratt's 
** Mathematical Principles of Mechanical Phi* 
loiopby/' page 7 (oQte). 
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b c, in the direction of the force B, and 
proportional to it, also the line c a in a 
similar manner to express the force C, 
the line a b, in the direction of the force 
At will be found to be proportional to 
the force A, if this system of forces 
produce equilibrium ; this line completes 
the triangle, the three sides of which 
ab, be, ca, express the forces in relative 
magnitude and direction. This and the 
following, as well as the propositions 
referred to, may be yerified by yery 
simple experiments, using weights for 
the forces, and coids to tianster their 
action to the required point. 

Parallelograms have been made of 
wood, the corners being moveable about 
the pins which join them; a rod in- 
tended to represent the diagonal is at- 
tached by a joint, and, with the other 
rods,is divided into e(|ual parts. The fol* 
lowing diagram exhibits its construction. 

Fig. 2. 




The parallelogram A B C E has two, some* 
times all of its sides divided into inches 
and parts, two> A B, AC, moving easily 
round a fixed pin at A, which also re- 
tains one end of the diagonal A D, di- 
vided in a similar manner. The con- 
nections at the comers B, C, and E are 
moveable; the two former consistii^ 
of clamps capable of sliding aJong AB 
or AC, unless when HtlqA by their 
screws ; they carry the pins which hold 
the ends B, C, of the opposite sides 
BE, C E of the parallelogram ; at the 
remaining corner £ there is a double 
clamp holding the ends of the rods, but 
may be freely moved along each rod, in 
oraer to permit the adjustment of the 
parallelogram. When this instrument 
is used, as, for instance, to determine 
the amount and direction of a force A 
(^.1, last page), to counterbalance two 
forces which meet or would meet, if 
their directions were produced, in the 
point 6, the number of pounds or other 
uniu expressing. the force -B {fig, 1) 
may be measured by so many, parts on 



the rod ABC, reckoned from A, and the 
clamp with its rod B E slid to the proper 
mark and screwed up; the same opera- 
tion may be effected on the rod A B, to 
show the force C» The point A (JSg, 2) 
must be placed on the point b (fig. 1)» 
and the measured sides brought parallel 
with the directions Bb, Cb; when, on 
observing the mark on the loose dia- 
gonal rod AD, which comes imme- 
diately over the axis at E, the number 
of parts reckoned from the point A will 
show the number of pounds' force which 
must be exerted to sustain the two 
known forces, and the direction of A D 
will be the direction in which the new 
force must act. 

(4.) It appears also, firom the above 
figure, that, if three forces be in equili- 
brium, their directions if produced will 
meet in a point. 

(5.) The effect of a number of forces 
upon any particular point is calculated 
by their moment or relative power, on 
the relative amount of leverage with 
wliich the forces act ; the moment of a 
force is therefore the product of the 
force, and the least distance of its di- 
rection from the jKiven point, or a 
straight line drawn from the given point 
perpendicular to the direction of the 
force. We can in this way determine the 
effect of a number of rorces acting in 
the same plane on any body ; it may be 
proved bv a simple experiment, as shown 
m the f^ure, where A represents the 

Fig. 8. 




surface of a table upon which a board 
B of any shape rests through the me- 
dium of a few balls, in order to allow of 
the freer horizontal movement of the 
board. Weights, F, may then be attached 
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to any points on the board by strings 
which pass over pulleys fixed to the 
edge of the table; after a few move- 
ments the board will take up some posi* 
tion in which it will remain at rest, or 
the weights will have found some posi- 
tion in which there is an equilibration. 
If, then, any point P be taken on the 
board, and the lines aP, 6P, be, be 
drawn perpendicularly to the directions 
of the forces F, it will be found that the 
sum of the weights multiplied by these re- 
spective perpendiculars, tending to turn 
the point P in one direction, will be equal 
to the sum of the weights multiplied by 
their perpendiculars, tending to turn the 
point in the opposite direction ; that is— 

F, X ftP + F.x cPH-F,x rfP = 
FxaP + F, XffP. 

(6.) Should the forces acting on a 
body tending to turn it about some 
point be parallel and opposite, a line 
drawn from that point will be perpen- 
dicular to the directions of all the forces 
F, Fp F«, F3, F^, and their moments 
may be aetermined as before. If the 
point of application and magnitude of 
the first four forces indicated in Jig. 4 

Fig. 4. 



force F^ be equal to 6 lbs., the point e 
of its application must be 12 inches from 
P, for 12x 6 = 72. 

(7.) In the erection of structures 
generally, one force has to be constantly 
taken into calculation — the force of 
gravity, as the stability of any erection 
depends on the stability of its centre 
of gravity, or the common centre of 
gravity of all its parts. The centre of 
gravity of any body is said to be stable, 
when that centre must rise before 
the whole can be overturned, and un- 
stable when this condition of motion 
is not necessary. The practical inquiry 
is, what force must be exerted on the 
body or structure tending to disturb its 
centre of gravity, before the stability 
will^be destroyed, or the structure be 
free^to fall? In the following diagram 



Fig. 5. 
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the stability of the body A depends on 
the fact of C G being greater than C E, 
for, in order that A may overturn, the 
point 6, or the centre of gravity, must 
turn upon the edge C as an axis, and, 
to do so, it will have to rise through 
E D ; this quantity is the difference of 
C G and C E (or B G), and may always 
be found when the height of the centre 
of gravity and the thickness of the body 
are known, then it is obvious that 



be known, and a fifth required to pro- 
duce equilibrium, and the value of this 
additional force given, the distance from 
P, at which it must be applied, will be 
found by considering that the moment 
required must be equal to the difference 
of the moments of the first three and 
the fourth forces. Suppose F ss 2 lbs., 
F, = 4 lbs., F, = 3 lbs., F, = 5 lbs. ; 
and the distance Pa, P^, Pc, and Fd 
respectively equal to 4, 10, 18, and 6 
inches ; then — 

(2x4-f4x 10 + 3 X 18) — (5X6) = 
102 — 30 = 72, 

which is the moment required to pro- 
duce equilibrium in the system ; if the 



ED = ^/BG^^-B C« — B G. 

We have here the space through which 
the centre of gravity must move; but, to 
obtain the vdue of its stability, or the 
amount of force (F) required to over- 
turn the body, the space E D must be 
multiplied by the weight (W) of the 
body, and the force 

F = (>/BG«-hBC» — B G) W. 

In the above calculation, the force F 
is supposed to act on the body at a point 
on a level with its centre of gravity ; its 
positive efficacy is turning A about its 
edge C, varying with its position with 
respect to the point G. 
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(8.) The finding of the stability of 
any structure or combination of parts 
may be said to consist in taking the 
resultant of the pressures upon each of 
the surfaces in contact of the STStem, 
and determining the point of apphcation 
of this resultant, and .finding the di- 
rection of the resultant line of pressure*. 
Practically we have to calculate with 
the given strength of the materials, and* 
the manner and means of uniting the 
parts together. 

In our remarks on this important 
part of mechanical science, we shall 
endeavour to explain the principles 
which should guide in the arrangement 
of any structure, and illustrate them by 
• examples of acknowledged good prac- 
tice. 

Chapter II. — Framework, 

(9.) All combinations or rods, how- 
ever numerous, may be said to consist 
of so many frames, which, engaging and 
counterbalancing the various forces which 
are exerted on them, sustain the whole 
structure. A frame may consist of two 
or more beams or rods according to the 
purpose designed, and, practically speak- 
ing, the size of the frame required ; the 
pressures acting on them generally tend 
either to compress or stretch ; frames 
are therefore considered with reference 
to forces acting in these opposite di- 
rections. To do so, it is necessary as 
a first step to find the resultant of the 
pressures exerted on their respective 
parts, producing what is called a racking 
of the frame, or an alteration of its form, 
which of course it is necessary to pre- 
serve. 

(10.) In a simple support of a wind- 
Iciss {fig, 6), such as is frequently used, 
if the two beams at each end of the 

Fig. 6. 



zontal position, they may give the weight 
which is raised so great an advantage 
as to enable it to pull their joints asun- 
der, or force them to the ground; at 
the same time, they may be placed so 
near to the vertical position, that the 
men at the handle, who push horizon- 
tally during part of a revolution of 
the axle, would exert sufficient force io 
turn the whole arrangement over one of 
the feet a, h, the force required to eflect 
this movement being calculated for any 
given position of the legs a, 6, similarly 
to the case of the stability of the centre 
of gravity in the preceding chapter. 

(11.) The following figures give a ge« 
neral view of the effect of pressure on 
the angles of framework, the force, for 
the sake of experiment, being supposed 
to be a weight. 

The first diagram represents the force 
as acting upon the point of junction of 
a pair of beams or rafters. The lines 

Fig.l. 





axle be inclined to one another very 
much, or be brought towards the hori- 

* Mr. Moseler, " Mechanics of Bngineer- 
ing," p. 407. 



dc, d b, express the proportional pres- 
sure exerted on the beams by the single 
force measured by d a. In such an ar- 
rangement of bars, the thrust is very 
much increased when the angle between 
the beams is increased; this consequence 
is shown when the rafter is raised to the 
position d b\ the crushing pressure on 
each being, in this case, proportional to 
d h' and d c\ the latter being twice the 
amount it was before, and the former 
somewhat increased, although the force 
exerted, d a, is no more. 

This figure illustrates the evil effects 
of allowing a great pressure to be sus- 
tained by the joints of a frame where 
the angle between the parts is very open 
or obtuse. 

The succeeding diagrams exhibit a 
simple combination placed under cir- 
cumstances differing from the preceding 
case, — ^in the former, the effect of the 
force was a compression of the znateriid; 
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ID the following instances, it is observable rials, a thrust is always to be preferred 

that the action of the force P on one of to a strain. 

the rafters or pieces is stretching; the jrig, 10. 

parts in Jig, 8 act with great dis^van- 

tage owing to the direction in which they ^ 

Fig.S. 





resist the yertical force P; this direc- 
tion is parallel with their length ; their 
disability in this respect will increase, 
most rapidly as their direction is brought 
nearer to the position at right angles to 
the force, or horizontal, in the above 
case. The dotted lines A C, a A, ex- 
hibit the pressure which must be sus- 
tained by the beams A C and A B, re- 
spectively, if we imagine equilibrium to 
exist, in order that the comparatively 
small force A b (the measure of P) may 
be supported. 

In^i. 8, 9, the combination is better 
calculated to meet the thrust and strain 

Fig. 9. 




(1 1.) The last figure forms a support 
of considerable strength, and is very 
much used, not merely in its simple form, 
but also as an important part of large 
structures in wood, such as centres ror 
bridges and arches, roofs, and wooden 
bridges. A common and useful modifi- 
cation of this bracket-form is shown in 
Jig. 11. The conditions of equilibrium 
in such a figure may be determined by 
producing the direction of the strut C D 
(or piece bearing the thrust) until it 
meets the direction of the force P^ pro- 
duced ; then we may draw a line nrom 
B to meet in the point of concourse a, 
as the directions of the forces produced 
must meet iu a point (chap. I., art. 4.) 
Thus, BD, a B, Da, will express the 

3uantities of the three pressures pro- 
ucing equilibrium, because three pres- 
sures in equilibrium are proportional to 
the sides of a triangle formed by their 
directions {tee last chap.); these lines 
also express either the force exerted on 

Fig.U. 




on its parts. In both examples the force 
appears to exert about an equal amount 
of effect ; but in practice the latter form 
is to be preferred, as the greater compo- 
nent of the analysed force is A c, in the 
direction of the piece A C, and this 
piece receives a thrust from the action 
of P; in the former case, A a is the 
greater component, which expresses a 
force tending to tear asunder; and, by 
the principles of the strength of mate- 



the pieces of the firame or by them. It 
appears from this simple geometrical 
construction that the forces affecting B 
and D, arising firom B D or P, are as 
follows : — the force in B a is 
« Ba 

And the crushing force in a D, upon the 
strut, is P X ^-p. 
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If the beam A B be horizontal, as in 
the figure, the thrust on the strut C D 
may be determined in terms of the actual 
parts of the frame, by reference to a very 
simple geometrical property*, whence 
we find that the pressure is equal to the 
force P, multiplied by the product of the 
length of the beam A B, and strut D C, 
divided by the product of that part of 
the length of the beam B C, included 
between the wall and the point where 
the strut is applied, and the depth of 
wall BD, between the beam and abut- 
ment on which the strut rests. 

( 1 2.) In constructing frames, the scien- 
tific workman pays great attention to its 
form ; a very simple frame is shown in 
the figure, composed of four rods, A, B, 

Fig, 12. 



It may be inferred from the above 
example that the parallelogram is not a 
strong form of frame, and that the tri- 
angle A a 6 is an improvement ; it is 
well known that the strength of a frame 
consists in the well-arranged triangles of 
which it is composed : the triangle is a 
figure which cannot change its shape 
without tearing asunder or crushing the 
constituent materials, whereas in^. 11 
the strain is thrown altogether on the 
joints, and, in order that the frame may 
rack, it is merely requisite that the aa- 
hesion of the bolts be overcome. The 
following diagram represents a strong 
frame which may be frequently seen 
in roofs, partitions, and wooden bridges. 

Fig, 13. 





D, C, A, but it is not calculated to re- 
sist pressure on its angles, as may be de- 
monstrated by supposing some force, F, 
to act against the comer A, the lower 
side being fixed or incapable of transla- 
tion ; the frame wiU readily rack about 
the angles C D, as the force F has a 
moment of F x A E (chap. I., art. 5.), 
the line A £ being the perpendicular to 
the direction of the force, and the arm 
by which it acts on the angle C. The 
angles may be strengthened by braces or 
ties, as a 6, which should be so strong, 
and at such a distance A e from the 
angle A, that the product S of the 
strength S of the tie and a perpendicu- 
lar A e, shall be equal to the moment of 
the force F, or as nearly as possible equal 
to it, or that SxAe = FxAB. 



ThS force on the strut is 






^oD DO 



^AB DC 
BC ^BD' 



Similarly it may be found that the force acting 
on the horizontal beam A B, in terms of its 
zeal'parU, is 

^ >/BA»-hBD-(BAxB:^ 

^ BD "* 



The struts A A are attached to the, 
posts B B, at projecting parts called 
joggles, and bolted together in the centre. 
A number of these frames, fixed side 
by side, forms a strong arch, with but a 
very slight rise in the middle. The ce- 
lebrated architect Palladio constructed 
a bridge in this manner. 

In a large swing gate a diagonal bar is 
fixed so as to embrace all the horizontal 
bars and form the gate into two tri- 
angles. In scaffolding the upright poles 
are strongly bound together by other 
smaller poles, lashed diagonally; thus 
making a triangular framework. 

Chapteb III.— jBoo/». 

The erection of roofs, if the space be 
considerable, is an undertaking in which 
all the skill of the carpenter is brought 
into practice, and, with the arrange- 
ment of partitions, constitutes the most 
difficult part of carpentry. 

(13.) The most simple form of cover- 
ing or roof is that of a flat surface of 
some convenient material, supported by 
a number of beams or girders stretching 
from one wall of the building to the 
other : this is applicable, and practised 
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where one wall is higher than another, the task, and with a flat roof the rain 

as in the case of out-houses and sheds of and snow would not be predpitated. 

moderate dimensions ; but,inmost<;ases To obviate these difficulties, we might 

of ordinary roof-making, the strength of suppose the form shown in the figure to 

an unassisted beam would be unequal to serve the purpose of supporting a cover- 

Fig. U. 




ing; but it may be shown, from our pre- 
vious remarks, that the horizontal thrust 
on the walls B C would act very injuri- 
ously, indeed it would be unsafe to at- 
tempt such a construction with ordinary 
walls for support, if the roof were re- 
quired to be as low as it is represented 
in the figure. In this position the thrust 
of the rafter A G will be in the direc- 
tion C r, but by resolving this force into 
two we may find what amount of hori- 
zontal force ensues from this thrust; 
this will be equal to C a, while the ver- 
tical pressure C b will tend to make the 
wall more firm; but the latter is very 
much less than Ca, and will continue 
to decrease as the rafters BAG ap- 
proach the horizontal position. The 
wall, in consequence of this unsustained 
thrust, will be pushed outwards, unless 
it should happen that buttresses might 
be built against that part of the wall on 
which the rafter abuts, as in the case 'of 
ecclesiastical buildings, or that the wall, 
instead of being, as is usual, equal in. 
thickness from the top to the base, 
could be sloping externally, the neces- 
sary slope being calculated from the 
horizontal thrust which it would have 
to sustain. The strength of the wood 
rafters has to be considered also ; for, if 
the beams A B, AC, be of very great 
length in comparison with their depth 
or thickness, they will bend even by 
their own weight, and be quite inca- 
pable of supporting the superincumbent 
load of tiles or slates; this difficulty 
may be obviated to some extent by in- 
creasing the elevation of the raners, 
where that is admissible ; but the weight 
of the roof would greatly increase, and, 
of course, the expense. This is not 
all ; the almost vertical roof is, in most 
cases, a disagreeable object to the eye 
of taste, as may be observed in many 
old roofsy such as the Tuileries at 



Paris; this is a slated roof, with so 
great an elevation that it appears to the 
spectator very much like a slated house 
built upon one of bricL 

(14.^ Considering these circumstances, 
it is advisable to adopt the low roof, and 
by some means relieve the walls of the 
horizontal thrust of the rafUrs. This 
object is usually attained by the use of 
a horizontal beam stretching from wall 
to wall, and called a iie^am, as is indi- 
cated by B G 0^. 15). The walls, in 
this instance, bear only the Veight which 




acts in a vertical direction, while the tie- 
beam is pushed outwards by the abut- 
ting raflers with a force which can be 
determined as in the preceding case. 
The beam must be of sufficient strength 
to resist this strain, but not so heavy as 
to sag or bend in the middle ; this it is 
very liable to do if of a great length, 
so that it is unadvisable to use this form 
of support for a roof where the span or 
distance between the walls is greater 
than 12 feet. 

(15.) A description of roof similar to 
that last-mentioned has been proposed*; 
the rafters and tie-beam are formed out 
of a large beam or girder as follows :— 
The beam A B is cut transversely at 
a, a, near the extremities, and between 
those cuts it is divided longitudinally, 
(as indicated by the horizontal line,) 
with the exception of a small space, so 
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that the upper part is not quite sepa- b a raised to admit a key or wedge be-r 
rated from the remaining portion of the tween them, as is seen in the lower 
beam; this upper portion is then cut figure. The inventor calls this con- 
through at the middle b, and the arms trivance the bow and string rafter. 



Fig. 16. 
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(16.) In estimating the thrust of the 
rafters on the tie-beam in the above 
simple form of roof-support, the weight 
of the roof is frequently considered as 
placed at A {Jig, 17)» but the effect pro- 
duced by a mass uniformly distributed is 
not the same as though the mass were 
collected at A; but we may consider the 
load as posited at the centre of gravity 
of the rafter. If, then, the lines A a, 
B a, Cra, be drawn so as to meet in one 
point at a, the horizontal pressure of the 
rafter A B at the point A will be repre- 
sented by a A, the pressure at B by a B, 
and the vertical effort of the centre of 
gravity of the rafter by a G (arts. 13, 
14); if, then, the line 6 c be drawn 
parallel to a B, the triangle abc will be 
formed, the sides of which express the 
proportion and direction of the forces 
supposed to be sustained by the rafter 
A C, and the end B of the tie-beam. 
From this simple construction the hori- 
zontal pressure on the tie-beam at B is 
very easily found ; for the ratio of the 
horizontal pressure (which we will call 
h), and the weight of the rafter (to), in- 
cluding whatever may be superimposed, 

A R ^ 
or — , is evidently = ; then the 

w "^ 2 Gc 

horizontal pressure or thrust 

Gc 
That is, the horizontal thrust is found 
by dividing the half-span by the height 
of the roof, and multiplying the quotient 
by half the weight of the rafter and its 
load. 



* Or thus, trigonometricany, the z. A B G 

w '^ 2We ** ' ^®** •' ••• * « iw cot- «. 

(In the figure the line Q c should have been 
equal to half Q a.) 



As an example, suppose the rafters of 
a roof to be 6 inches by 3 in section, 
and of yellow deal, weighing 33 lbs. per 
cubic foot, the span 30 feet, the angle 
of elevation, A B C = 26° 33', or the 
height A H ss 7i feet, and the rafters 
or trusses 2 feet apart, the roofing being 
of slate, a square foot of which weighs 




8 lbs. From these data the weight of 
the rafter and its load may be deter- 
mined. The length AB of the rafter 
will be found by calculating with the 
two known sides of the right-angled tri- 
angle A H B, in the usual manner, thus, . 

AB=>/BH«+ AH»; or 



>/l5« + 7^2 = ^^225 + 56i= 16i feet. 
Then the rafter will contain 

i X i X 16} = 2V5 cub. feet, 
the weight of which will be 

2^ X 33 == 69} lbs. nearly. 
The load on any one rafter will, of 
course, be equal to the weight of a sur- 
face of roofing found by multiplying the 
length of the rafter by the space be- 
tween the rafters or trusses, which, in 
this instance, is supposed to be 2 feet ; 
therefore 16 j X 2 = 33 J square feet of 
tiling rest on a rafter ; or 

33^ X 8 = 268 lbs. 
The whole weight, then, of the rafter 
and its load is = 69} + 268 = 337^ lbs. 
With this quantity we can find, by the 
rule before given, the horizontal thrust 
of this rafter ; it will be 

X i^ = 337 lbs. 

7i 
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It IB obvious from the nature of the 
sloping toof that there must be some 
inctiDation of the raflert at which the 
pressure on the tie-beam will be leu 
than at any other inclination ; and. by 
calculation, it is found that the pressure 
is a minimum when the angle A B C is 

35° 16', or the tanirent A B C = ^^. 

(17.^ The simplest addition made to 
the tnangular frame for increasing its 
strength is the addidon of a tie to pre- 
vent the tie-beam from bending, and a 
strut to each rafter, for a aimilsr pur- 

fiose. These supports ate shown in the 
bllowing figure; it forma a very com. 
mon arrangement, and is one of con- 
siderable strength. The vertical support 

Fig. 18. 



kind of roofs, on iron strap is us«d, dis. 

posed as shown in the sectional figure. 

Fig. 19. 




A D is called a king-pori, and its func- 
tion is the sustentatioD of the tie-beam, 
which it does effectually ; for, supposing 
that the beam had a tendency to sag or 
bend, it would puU the king-post down- 
wards, hut as the king-post rests upon 
the rafters by inclined sides or joggles, it 
must push the ends B C of the rafters 
outwards before it can descend, so that 
when the lie-beam pulls the king.post 
downwards, the rafters are made to 
stretch the tie-beam more than before, 
and prevent it from giving way. The 
.king-post, therefore, acts as a tie, and 
must be attached to the beam in a dif- 
ferent manner to that in which the raf- 
ters are attached to the tipper part of 
the post; the ends of the latter are 
, mortised into the j(^le of the king- 
post, but it would not be proper to unite 
the post and tie-beam in that manner, 
as in the tatter there is a stretching, 
while in the former a thrusting force is 
eierted ; the rafters can thus assist in 
sustaining a thrust, when the joint is 
well made, by the shoulder on each side 
of the tenon ; but the king-post would 
be held to the tie-beam merely by the 
strength of the small portion of its te- 
non immediately underneath the pins. 
Under these circumstances, in the best 



The iron strap S, passes under the 
!-beam A, and elttends for some dii- 
nce upwards on each side of the king- 
isl B. The upper parts of the strap 
ive eyes at C, through which, and a 
hole through the king-post, wedges G 
are driven, iu order to tighten the strap. 
The king-post is therdbre suspended 
from the tie-beam. 

Again, the inclined supports which 
meet the rafters at E, and abut on the 
joggles of the king-post at b, are called 
ttrvti, and serve to prevent the super- 
incumbent load from bending the rafters. 
The struts are therefore of great service 
in the frame, their vahie in sustaining 
the rafters depending on their inclina- 
tion with respect to them ; they also 
prevent the joints B C, at the tie-beam, 
receiving the injurious pressure which 
would result from a bending of the 
rafters. We may thus calculate the 
effect of the pressure on the strut E. 
In bending, the rafler and its load would 
move in the direction E a, so that it 
would not be the whole weight of tha 
roof, but about two-thirds of^it in this 
example, which would press in the di- 
rection E a. The braces however, does 
not support in that direction, it is in 
E£; then, drawing (i£ perpendicular to 
E a, the relative effect of the force will 
be as E d to E £. This increased strain 
on the struts occurs on each side of the 
king-post, and, when the weight of the 
rafters and roofing is given, the strain on 
the king-post may be found in pounds 
weight. To find the vertical strain on 
the king-post, arising from both struts, 
the direction of each strut must be pro- 
duced until they meet (above D), tfaeo 
measuring upwards on the strutB,.from 
a scale of equal parts, any number «f 



126 



MECHANICS. 



fiiiits representiDg the pounds* pressure 
which the struts are exerting, and com* 
pleting the parallelogram, its diagonal, 
which will be in the direction of the 
king-post D A, represents the whole 
vertical strain, and, by applying the 
scale, the amount in pounds weight will 
be found. 

Such investigations enable the prac- 
titioner to determine the *' scantlinc " 
or sectional size of timber which lie 
must use; in doing this, however, he 
is also guided by the principles of the 
strength of materials. 

Roofs sustained by such an arrange- 
ment are very common, as it is gene- 
rally considered a very proper support 
where the span does not exceed 30 feet ; 
it is, however, used in greater spans : a 
roof in St. Paul's Cathedral, of 42 feet 
span, is supported by trusses of this de- 
scription. 

(18.) When the roof is^ required of 
greater extent, and the supports can rest 
only on the walls at each end of the tie- 
beam, additional struts and ties must be 
added to prevent the bending of the tim- 
bers. Thus we have new arrangements 
and a great variety of forms introduced, 
in many cases, according to the fancy 
merely of the builder. In the subse- 
quent figure a partially flat-topped roof 

Fig. 20. 



three triangles : in this form it was used 
by Mr. Watt for the beams of some of 
his earlier steam-engines. The action 
of the different parts are, however, al- 
tered in this use of the arrangement ; for 
the point of support, instead of being at 
A and B, will be at the middle point G, 
the piston-rod and crank-rod being con- 
nected with the ends A B. Thus, A B 
will be compressed — ^it will be a strut 
instead of a tie ; A C, C D, and D B 
will act as ties, producing a thrust on 
the posts C G and O G. 

(19.) The curb or mamarde roof is 
another form in which there is a double 
slope ; this modification is shown in^. 
21. As in the last instance, the curb 

Fig. 21. 
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is represented; in this example the 
upper parts of the rafters (beyond C 
and D) may be considered as cut away, 
and an horizontal piece C D, placed be- 
tween the upright posts to receive the 
thrust of the rafters AC, B D. The 
recommendation of this form of roof is 
the space obtained for economic pur- 
poses, although it is evident that the 
strength of the frame C E F D, is un- 
equal to the previous arrangement, and 
also, as CD is supported at each end 
only, it will be liable to deflect, if of con- 
siderable length, owing to the thrust ex- 
erted on it by the rafters. 

A great improvement in this frame is 
that of bringing the ends E F, of the 
posts together, as indicated by the dotted 
lines; the whole is then composed of 



roof is adopted for convenience, as it 
allows of chambers in the roof. The 
scientific principles of this structure are 
comprehended in the theory of the poly- 
gon. The form requisite to produce 
equilibrium among its parts may, how- 
ever, be determined by a simple experi- 
ment. Attach four pieces. A, B, C, D, 
representing the rafters of the curb roof, 
to a flat board, by the two upper ends of 
A and O, all the pieces having ft>eedom 
to move about their joints. When the 
board is held in a vertical position, and 
the system of rods left to itself, it wiU 
arrange. into a polygon similar to that 
shown in the figure, if the pieces be of 

Fig. 22. 




equal length and weight throughout; 
when the whole has taken up the pro- 
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per position there will, of course, be (20.) Beyond these simple forms of 

equilibrium, and if the board be care- roof-supports many varied arrangements 

fully inverted, the form may be main- are made, and are necessary, on acc6unt 

tained, although the slightest shock will of the weakness of the material, when 

destroy its equilibrium, which is, in this the beams are of great length in propor- 

case, unstable. This polygon will be the tion to their thickness and depth ; by 

correct form for the curb roof; but, owing acquainting himself with their relative 

to its instability, a strengthening collar, strength in different positions, as well as 

D {Jig. 21), must be supplied. If the the general principles of equilibrium, the 

rafters are to be loaded unequally, the builder is enabled to dispose beams of 

proportional weights must be suspended wood or girders and rods of iron of i^ 

from the centres of gravity of the pieces proper size in proper positions, 

in the experiment, when a different form The arrangement of a roof-support, 

will result. similar to that shown in the accompany. 

This property is of some utility in the ing figure, is frequently used for large 

principles of arch-building, in consider- roofs, as the tie-beam is not only more 

ing which we shall make further use of efficiently sustained, but a considerable 

the polygon of pressures. amount of room is obtained in the middld 

Fig. 23. 




for household or other purposes*. In (21.) As examples of roofs, in con* 

this case, the forms explained in arts. 17, structing which the architect has been 

18 are combined ; the tie-beam has two guided by scientific principles, the roofs 

points of support^ by the two queen- of churches and other public works are, 

posts a ff, and the strut b gives a sup- in many instances, remarkable, and very 

port to the raflers at the point where instructive. 

the weiffht of the purlins acts upon In the church of St. Paul at Rome 

them. The thrust thus produced at there is a striking example of a simple 

the lower ends of the struts, or on the form of roof-truss combined with great 

queen-posts, is sustained by the straining- span ; it is shown in the following figure* 

sill c. Beyond the tie-beam and raflers it pos- 

Sometimes the straining-beam D is sesses only the two fidse rafUrs AA« 

omitted, and the king-post extended the and a straining-beam between their upper 

whole depth of the truss (as before); ends. The king-post supports the tie« 

giving three points of support to the beam by a wood key driven through the 

tie-beam; the intermediate spaces are extremityof the post at D; another wood 

then supplied with struts ; the whole key at b rests upon the straining-beam, 

thus forming a series of triangles. and thus affords some support for the 

* This and the preceding diagrams exhibit called principal raJUrt; the upper beams A 
what is called a trutt of the roof; the roof is are the common rafters, and bear the roofing 
supported by a number of these trusses, which material ; they rest upon the top of the king- 
rest on the walls at the ends A B ; they are post D, and abut against the poU-plaif /, 
connected with each other hypurlim or beams which is a beam lying in the same direction 
of wood, of which two are seen in the figure, with the wall-plate F ; the puHint are laid 
their ends appearing between the rafters below between the common and principal rafters ; 
E. The common names of the different parts the king-post, G D, is short, being tied to a 
in the above general kind of roof are as fol- ttrainitiff-piee$ D, the ends of which abut 
lows : A B is the tie-beam, resting upon the against die heads of the queenrpatts aa; these 
waU-plata or beams F F, wjiich latter lie on are likewise tied to the tie-beam at their lower 
the material of the wall; the rafters which extremity; d d aie additi<mal ot falte rc^ften, 
rest immediately on the tie-beam, and abut c is a ttraininff'tilL 
against the joggle of th^ king-poit C D, ar* 
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king-post, and a key of iron, a, at the 
junction of the two rafters, completes 
the suspension of the king-post. The 
tie-beam in this truss is about 86 feet 
between the walls, and is but one piece 
of fir. The followinc scantling or sec- 
tional measures of the different parts 
may be interesting :^- 



Tie-beam . 

Rafters • « 

Rafters A A 

Straining-beam . 

King-post . 

Do. above straining-beam 11 

Do. at rafters . . 13 



Inchet. 

23 X m 



16f X 



10 
12 
13 



X 
X 
X 
X 
X 



15i 

10 

11 

13 
13 



This roof is a very ancient work, 
having been rebuilt in the year 616*. 
It exhibits an important feature in these 
structures, which should always be con- 
sidered, namely, the use of as small a 
quantity of timber as possible. 

In the trusses of the Teatro d*Argen- 
tino at Rome, we find the parts which 
appear in the roof of the church of St. 
Paul, but with additional ties, which 
very much strengthen the truss. In 
this instance there are two queen -posts, 
which do not reach the tie-beam; the 
king-post is similarly conditioned, long 
iron straps or ties being attached, which 
reach the respective horizontal beams ; 



Fig. 25. 




two iron straps are placed on each side 
of the king-post strap as an additional 
support for the tie-beam from the strain- 
ing-beam. The tie-beam is thus well 
supported ; it is in three pieces scarfed 
together, and in addition to its own 
weight and that of the roof, it has sup- 
ported the machinery during the ex- 
nibitions, and the ceilings and other 
paintings used on such occasions. The 
span is about 68 feet, and the inclina- 



tion of the rafters 24^. Examples of 
English practice seldom exhibit tne ties 
used in this manner, although they are 
common on the continent ; the character 
as ties of the parts supplied by the 
iron strap is very conspicuous in these 
constructions. Mr. Nicholson proposed 
some time since the employment of 
iron rods in the place of wood king and 
queen-posts. According to his method, 
a roof would appear as in the following 

26. 




* Bondelet, L'Art de BSktir, tome iii., p. 116. 
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figure. The king-rod B C embraces the 
heads of the rafters and presents a 
socket on each side at the foot for the 
struts; the queen-rod!r D are similarly 
provided, having a straining-sill between 
them to sustain the thrust of the struts ; 
the rafters are not mortised into the tie- 
beam, but fit into iron sockets A A, 
which are made fast to the tie-beam. 
This roof is admirably disposed, and 
accurate in principle; there appears, 
however, to be an objection to the use 
of iron on the part of some writers on 
scientific carpentry, possibly because 
it has not been much used before time, 
which is a very weighty reason with 
many, especially practical persons. 

Three roofs are described by Robi- 
son, in the Encyclopcedia Britannica, 
which exhibit excellent methods of com- 
bining the timbers. One is that of the 
Birmingham Theatre, of 80 feet span. 
The principal rafters are not carried to 
the ridge, they abut against the queen- 
posts D, and are supported by the 

Fig. 27. 



Tie-beam 
Straining-beam E 
Queen-posts D 

Ditto . 
Principal rafters 
Common do. 
Principal struts 
Common do. 
Straining'Sill . 



9 

7 
9 
4 
9 and 6 
6 



Inches. 
15 Xl5 
12 X 9 

X 

X 

X 

X 

X 

X 



9 
9 
9 

2i 
9 

9 



5iX 9 




The roof of Drury Lane Theatre was 
a double truss, one above another, by 
which arrangement -a part of the weight 
of roofing is taken off the principal or 
lower truss, although there was a greater 
weight of roofing in consequence ; the 
strains were, however, prevented from 
acting injuriously on the walls to a 
great extent. Dr. Robison considers that 
this roof was unequalled '*in the world 
for lightness, stimiess, and strength," 
and that the main truss would bear a 
load of 300 tons ; but it required the 
walls to be continued much higher than 
would have been requisite with a roof 
of the usual outline. A space of 32 
feet was allowed for a store-room in 
this roof. 

The roof truss exhibited in Jig. 28 is 
both strong, light, and elegant ; the com- 
bination may be decomposed into two 
roof-trusses ; one is formed by the rafters 



straining-beam E, it is therefore ana- 
logous to the form mentioned in art. 
18, with the addition of strengthening 
ties and struts; the principal queen- 
posts support two struts I, one abut- 
ting against a smaller queen-post, and 
the other giving support to an open part 
of the principal rafter; a straining-sill 
S is very appropriately added to sustain 
the thrust of the struts II; to guard 
against the efiect of a tie-beam giving 
way, if such an accident should occur, 
a beam K connecting the several trusses 
was bolted to the tie-beams. This 
roof is not merely a convenient form 
(allowing 19^ feet space between the 
queen-posts for the workmen), but is 
also a very light structure, as will be 
seen by the following scantling, or width 
and breadth of its timbers. 




60 fea. 



A A, and the other a mansarde form, by 
the raflers B, B, B ; which, abutting on 
the wall below A, take off a consider- 
able portion of the horizontal thrust 
which would arise from the solitary use 
of the rafters A A; a curved rib C C is 
added, and gives much additional strength 
to the roof. These rafters are pinned 
where they cross, and are also secured 
by five ties a ; the whole is thus formed 
into a series of triangles (Art. 12), This 
roof was constructed by M. Larnier> 
and it has a span of 50 feet. 



130 



MECHANICS. 



X 



One of the largest roofs ever con- 
structed is that built over the riding 
saloon at Moscow; it was erected in 
1818, of 150 feet span. It may be de- 
scribed as consisting of a number of flat- 
topped roofs (see art. 19) placed one 
upon another, as is indicated in the 
skeleton diagram ; braces a a were added 

Fig. 29. 




poses. The simplest form is that of a 
solid beam or rib, bent into the required 
curve, and the fibres of the wood thus 
curved offer a great resistance to any 
force tending to bend them in a direction 
contrary to their curvature. The curved 
rib is also very useful in bridge-building. 
An example of this form of curved 
rib is given by Philibert Delorme. The 

Fig. 30. 



to assist the rafters ; these, as M. Ron- 
delet very properly considers, should 
have been placed so as to direct the 
pressure towards the walls, instead of 
the middle portion of the truss, which 
of course is more affected than the ex- 
tremities by any downward pressure. 
An accident occurred to this roof soon 
after its erection in consequence of very 
warm weather, which caused the beams 
to shrink; — one of the tie-beams was 
torn in sunder close to a queen -post, at 
the point where it was scarfed ; the parts 
separated about three-quarters of an 
inch, bending the bolts of the joint. 
It appeared, on examination, that the 
rupture occurred through a large knot 
latent in the beam, and not through 
any fault in construction*. The roof 
mentioned in several works on car- 
pentry as having been built over this 
riding-house by M. Krafil, and injured 
by an accident, was only proposed, and 
has never been erected. 

(22.) Curved ribs of timber have been 
successfully applied to the purpose of 
supporting roofs and other structures, 
and are strong, economical, and elegant ; 
at the same time affording considerable 
space in the roof for domeistic pur- 

■ . »■ - 

* The presence of a knot in an apparently 
sound beam might be detected by observing 
the effect of pressure applied at the middle of 
the beam, while the ends are properly sup- 
ported. If the beam be of equal width and 
thickness throughout, and there be no knots, 
the £exure of the beam will be regular, but 
if there be a knot, the flexure will be irre- 
gular, as the knotty part will not bend so 
evenly as the sound wood. (See chapter on 
the Strength of MateriaU,) 
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rib A acts in this instance as a tie-beam, 
and is connected with the rafters B by 
braces C ; the span of this elegant roof 
is 55| feet (17 metres). 

In the roof of the Magazin de la 
MAture, at Toulon, we have an in- 
structive instance of the use of curved 
ribs. A section is shown in Jig. 31. 



Fig, 31. 




The lower rib A is curved throughout, 
while the superior rib B appears as an 
additional rafter towards the upper part, 
and abuts against the central post. 
The struts C are used at intervals to 
support the rafters D from the ribs, 
which abut on the walls at a point 
lower than the rafters, by which, and 
the small inclination ftom the vertical 
at which the ribs meet the walls, the 
greater part of the usual horizontal 
thrust is prevented. The span of this 
strong roof is about 92 feet (28 metres), 
and affords a great space in the upper 
story for store-rooms. 

Upon this principle a bridge was pro- 
jected by M. Migneron, a French en- 
gineer, in place of the Font de la Cite, 
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which had fallen to pieces; it was to 
consist of a number of ribs, upon which 
the roadway rested at the centre, and 
was supported at other parts by a 
number of struts; for some reason 
it was not adopted, but it would have 
formed an elegant arch of about 216^ 
feet {66 metres) span, and 19| feet (6 
metres) rise or height*. 

In Krafi^'s proposed roof for the 
riding-house at Moscow there was an 



enormous rib, to be nearly 310 feet 
span. 

(23.) The use of parabolic curves of 
wood or iron has been recommended f 
to avoid the derangements resulting 
from the shrinking of the king and queen- 
posts ; these ribs are to be made up of 
a number of short lengths of wood, 
the pairs being bolted together, as indi- 
cated in fg, 32. This has considerable 
strength, but curved beams are to be 




preferred. The elasticity of a wooden 
rod, the thickness of which is not more 
than <T^oth of its length, is found to be 
uninjured when the rod is bent so that 
the rise or elevation is about the eighth 
of the span. If two such rods are laid 
together, bent by twisting ropes, and 
bolted, they will not alter much when 
the ropes are relaxed ; this rib need not 
be of a parabolic curve, a circular arc, 
the height being equal to half the height 
of the roof, will be sufficient for the 
purpose. 

Curved timbers or ribs rising from the 



WfiUs of a building, forming two separate 
arcs, as rests for the rafters, have been 
proposed by Mr. Holdsworth ; the ribs 
secured at their lower extremities by a 
tie-beam, as in the common form of 
roof-truss. This arrangement is not 
nearly so elegant as the ribbed roofs 
we have mentioned, and it appears to 
require more timber. 

In Prussia, bent (kerfed) timber is 
frequently used for sheds, stores, riding, 
houses, and all buildings in which a 
great span of roof is required ; by this 
mode of support they construct roofs in 



Fig. 33. 




* J. Oh. Erafit, ** Traits de TArt de Charpente," Supplement, 1840. 
t Tndgdd, *' Elements of PrMtkal Oflipoitry." 
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which great taste is sometimes eihibited, 
while the expense is very moderate. 
Their method of bending the timber is 
as follows : — The prepared tree or beam 
of timber is sawn from the larger ex- 
tremity for about three>fourths or four- 
fifths of its length, along the middle; 
the saw is then passed on each side 
of this central cut, so as to divide the 
beam into four planks; the latter cuts 
are, however, not carried on quite to 
the larger extremity of the beam. The 
timber is then laid on the horizontal 
frame ABC, to which the butt or 
larger end D of the beam is firmly 
fixed, and the smaller end drawn down 
gradually into the position E ; a number 
of straps, a a, are then made fast to 
various parts of the beam when the 
proper curvature is obtained, and a 
fastening at E made tight. A mortice 
F is then made to receive a tongue of 
wood harder than the material of the 
beam ; and, lastly, hoops of iron at every 
interval of about two feet. The beam 
may now be taken from the frame, and 
will preserve the form thus given. 

This method of forming wood arches 
has been applied to bridge building. A 
bridge of 102 feet span has been de- 
scribed as being supported by kerfed 
beams *. 



(24.) In many cases of roof-making it 
is desirable to have higher ceilings than 
.is practicable when tie-beams are used, 
as mentioned in the preceding examples. 
The question resulting from further de- 
mand on the carpenter's skill is, in what 
manner can the tie-beam be taken away, 
and its place supplied by some eombi- 
nation, which shall be effective in sus- 
taining the form of the roof. If from 
the capabilities of the walls, it be ab- 
solutely necessary to prevent the hori- 
zontal thrust from playing on them, the 
readiest alteration which su^ests itself 
is that exhibited in the figure, or the 
raising of the tie-beam, and use of a 
short king-post, C D. The rafters will 
still receive their support, but the strain 
on the beam ADB will be much in- 
creased in proportion as the tie is raised. 
The strain in this instance may be de- 
termined by the method of calculating 
the moments of the forces acting upon 
the frame, shown in art. 5. The frame 
ABC will in this case tend to rack 
about the joint C, in consequence of 
the horizontal thrust at A and B, oc- 
casioned by the weight {w) of the 
roof; this thrust we have found to be 

^ i w X TTT (Art. 16), which acts on 

the wall at A, in the direction 6 A, 



Fig. 34. 




whence its moment will be 
, Aft X Ci 

*"^-cft-' 

that is the moment tending to turn the 
rafter A C about the point C, which of 
course is to be resisted by the raised tie- 
beam; the force exerted on the latter 
will be inversely as the arms with which 
the tie-beam and horizontal thrust act 
on the racking point, or C ft : C a : : hori- 
zontal thrust : strain on the tie, which 
is therefore equal to 



thus, as the tie is brought nearer to 
the rafters, Ca is decreasing, and the 

quantity tt" becomes greater, because 

Cft is constant, and the force on the 
ties is greater by the latter fraction 
than the horizontal thrust. In practice 
jron straps are used to connect the ties 
at D, they are important particulars in 
the frame, as upon them depends the 
stability of the whole truss. The king- 
post is also subjected by this modifica- 
tion to a much greater strain. 



\w y. 



Aft Cft 
Cft^ Ca 



t; 



Papers of the Rbyal Engineeis, vol. iii. 



+ The stndn on the ties increases inversely 
as the cosine of elevation of the tie, or cos. 
a A ft. 
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(25.) In the old Norman buildings, 
admirable combinations of struts and 
ties may be found, veiled by the cha- 
racteristic ornamental work; in many 
instances strong roof supports were 
arranged without tie-beams, allowing a 
lofty interior. In the truss figured below, 
posts and struts only are used, but the 

Fig, 35. 




whole is by principle a firm construction. 
If the material of the roofing presses 
equally on the parts of this truss tending 
to push it inwards, or to coUapsion of 
the frames A A, the diagonal struts meet 
and neutralize this force ; the walls sus- 
tain, however, some amount of pressure 
through the pieces a a. In this manner a 
very large roof might be erected with 
comparatively short beams ; bridges also 
have been constructed with similar 
framework. 

In ecclesiastical buildings, the hori- 



zontal thrust is a matter of less conde- 
quence as the ornamental addition of 
buttresses to the walls sustain any side 
effort of the roof; in such positions the 
tie-beam is frequently omitted to in- 
crease the interna] elevation of the roof, 
and collars or little ties supplied near 
the conjunction of the rafters. 

(26.) Iron has now become a favourite 
material for roof-building and many 
other purposes to which wood was uni- 
versally applied. It has been shown 
from theoretical principles and by prac- 
tice, that iron is not only more durable 
but cheaper and stronger than wood; 
a roof-framing of iron is also lighter than 
one of wood, and it can be erected at a 
less cost. The chief applications of 
iron-work in structures relating to our 
present subject, are in the roofs of 
workshops, warehouses, slips for ship- 
building at dockyards, and passenger 
and other sheds on railways. Some of 
the roofs at railway stations present an 
elegant appearance, from the great ap- 
parent lightness of the structure — ^the 
whole framing being visible. The fol- 
lowing figure will illustrate our de- 
scription of iron truss, erected at the 
Birmingham terminus of the Birmingham 
and Derby Junction Railway. The 



Fig.ZQ. 







rafters ft R are ofdast iron, the sectional assisted by the rods C E, or the rods 

form being similar to a double J, as is DC E, with the struts C, may be con- 

f^V- J1 '°/^* V ^T^Vo'J^^*"" '? 'T '*^^'^^ "^ ^^^""ing a truss for the rafter, 

phed by the rods D C C D, eminently and C C a tie supporting the two trussed 
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nftert. The heel « lower eitremity of propowd the erecting of domes with 
the wfter B resU on a bracket D, ex- »mall plinlts bolted together, forming 
tending from the top of the column, ribs. According to hi» method, two or 
aod Carrie* a cybndfical socket inlo more planU of short length are fixed 
which the ends of the rods we keyed, together, and cut to the curve required. 
The table* of the rafters vary in width : successive nbs being attached to each 
•t A or the middle of the rafter, the other, until the proper elevation is 
lower table is 84 inches wide, and the reached. The annexed diagram will 
upper table 2i inche*. at the end* B indicate the appearance of the nbs A A; 
(he same paru are 14 and ^ inches ties B B are placed at different heights, 
respectively; the thickness of the upper pawing from nb to nb, stiffening the 
table is glhs of an inch, and of the other p- „ 

partsianinch; the depth of the rafters *' 

is 4| inches. The rods D C are 1 inch, 
and C C and C E | of an inch in dia- 
meter. Sorniounting the whole i* a 
ventilating arrangement F composed of 
oblique shutters. From these quantitiea 
it will be seen, that a comparatively 
*mall quantity and weight of material is 
u*ed in this roof, with considerable ele- 
gance in the construction *. 

Cbaftbs IV. — Domet and Ctntre: 

(27.) KooTB of Che cupola or dome 
kind have been frequently constructed 
of wood and sometimes of iron. The 

consideration of their equilibrium is . , • i_ ™-i. r n ■ _ 

«>mewhat different from that of the "'><»'« framewoA. The following mea- 

ordinary description of covering, being, """*» °^ '^e piece* or pknk* will at 

in fact, much more simple, and the roof on^e show the small amount of Uinber 

much easier to construct. The con- required to erect one of these rooft. 

ditiona of the stability of cupolas are ^ , FLindl«nM«. In-ieep. 

mote evident in the brick and stone ^°' ^°'"^' ^6 « 

structures than those of wood, but their " ^° 

great simplicity arises from the fact that " ^^ 

the parts have a tendency in common " 

to fall inwards, which constitutes them These measures, however, are greater 

as wedges, preventing the movement; than those used in some instances, 

the only precaution necessary bebg a Thechurch ofthe MadoQiladellaSalute. 

band or ring at the base or nearly so of at Venice, is surmounted by a dome 

the dome to counteract any inclination compased of 96 ribs, each of 4 thick- 

of the respective rafters to slip oOtwards. nesses, so that each rib is BJ inches by 

Where a dome is required, which bears St inches, while the span or diameter 

it* own weight only, it is plain that a of the dome is 70 feet; in this instance 

very simple combination of piece* of the whole is strengthened by ui iron 

vood are sufficient. Philibert I>elorme hoop 4^ inches wide and \ inch thick. 

Over the Hatle aux Blfes, or com^muket, 

at Paris, a wooden-rib dome was erected 

* A patent circnlar malleaUe iron roof has by M. Moulineau, which was considered 

been p^«nled by Meafts. Neill aai Crawford, a magnificent object ; the diameter was 

in which flat bars of iron are used for rtbs, about 200 feWt, and the curved ribs 

bent m their edge into the curved form; ^^ich formed it were made of three 

thwe Bupport a roofing of ™it-;r™ plate. ,^„t,_ ^^^^ ^g j^^hes broad, and 3 

^ " ptl^a pU«d*J™™thrribr' The ■"'^*'*'^ "''*^''' t''^'" P"^** "■'"^ '" P"^ 

«™pa«,ti-vo weight of thi. roof i. .aid lo be together, that one of 3 feet in len|th 

one-third the weight of a Wood-lrnSBed roof; ""s placed between two others, of 6 

ft ii much cheaper, and aSwds mote room in and 9 feet in length ; thus every super- 

ike interior. added portion of a rib fitted into and 
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eould be firmly bolted to that below; In the former it is important that the 

the ribs were connected at different truss should be well tied in at a if there 

heights by purlins and iron straps ; at be considerable extra weight to support, 

one-third the height of the dome every otherwise it would be weak ; the span 

third rib was discontinued, and at two- j^tf qq 

thirds of the height every second rib; S* ' 

the remaining ribs finally fitting in a 

ring of timber, above which was placed 

an umbrella to provide for the necessary 

ventilation in a convenient manner; 

this noble dome was destroyed by fire, 

and replaced by a smaller cupola of 

iron. 

Where the dome is required to support 
a lantern or other weight in addition to 
that of its own materials, trussing is 

necessary to ensure safety, unless the of the dome is 50 feet and its thickness 

lantern or superimposed weight does 4^ feet ; in the latter example, the piece 

not exceed that of the materials which a, which will be a strut or tie according 

would occupy the circular hole left in as there is little or much weight to be 

the top of the dome; otherwise the borne, is an important piece; the tri- 

upper part will be thrust in, or the angular arrangement in this truss is 

lower parts will be thrust out ; the light and strong. 

former case must be met by proper (28.) The construction of centres or 
trussing, and the latter by powerful scaffolding for sustaining the parts of an 
bands or hoops ; even where there is no arch until the key-stone is laid, has 
extra weight a binder is necessary, ge- called forth a considerable amount of 
nerally at an elevation of from 50^, or mechanical skill. In building a bridge 
where the tangent to the curve is in* over a stream where it is unimportant 
clined about 40° to the horizon, or when that the navigation be prevented, the 
the span is about ^^ths of the diameter, erection of a centre to build upon is a 
these measures apply where the dome comparatively easy matter, but in many 
is of equal thickness ; the extra support cases, for physical as well as commercial 
must be applied at a lower part, if the reasons, it is necessary to make the 
thickness of the dome or the weight of centre a temporary bridge ; the centre 
the material decreases as the elevation must then be binit so as to sustain not 
increases. In using truss work, the only its own weight, but that of the 
strains of a superimposed load are pro- materials used in the construction of 
pagated either to some part of the dome the arch, which it must do by abutting 
above the base, or at the base ; where- on the piers laid for the intended arch, 
ever it occurs, chains or hoops of proper A centre so arranged consists of a 
strength must be supplied ; if a tie-beam number of trusses from 5 to 10 feet 
can be admitted, great assistance will be apart, connected together by bridging 
given to the whole structure. The two joists, upon these boards are laid, form- 
sections in ^** 38, 39, of half the domes »ng the bed for the courses of arch- 
stones ; where an arch is large there is 
Fig, 38. a bridging joist under each course, being 

overlaid with planks, which can be cut 

^gaJ away when required. 

^^^^^X Although the centre is not pressed 

^^^^""^ with the whole weight of the superin- 

JC^t cumbent arch-stones, yet it has to sop« 

^^r port an enormous load if the arch be of 

rrj /jT * considerable size* The centre is re* 

il fl lieved of a portion of the total weight 

/I// by the friction and pressure thrown by 

hUc- sofnt. the arch-stones upon one another, in- 
deed, until a particular elevation is 

of the Edinburgh itegister Office, and reached, the whole weight of a stone is 

that formerly existing over the Pantheon incumbent on the part of the arch be- 

ill London, exhibit instances of trussing, neath it ; and we may estimate the 
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pressure exerted on the sustaining centre the last stone which should complete the 
from the known proportion that the structure, the centering broke asunder 
whole weight ofa stone is to the pressure and fell into the river; as a substitute 
it throws on the centre as 1 : sine of for mechanical skill, some have added 
the angle of elevation of the joint (which so much useless timber, as to endanger 
would be sin. C A B in the accompany- the centre by reason of its own weight 

alone. A centre, like all other structures, 
J^tg. 40. |g strongest when composed of the fewest 

possible parts, so judiciously put together 
that the thrusts and strains may be fully 
met 

(29.) It is evident that, as the lower 
courses of stones are laid first, the possi- 
bility of the transference of any pressure 
exerted at the sides, to the crown or 
top of the centre, should be carefully 
guarded against, and that as the principal 
weight when the arch is nearly finished 
ing diagram, if the stone D were under must be on the crown, that part of the 
consideration). centre should be well supported. In 

This estimation is exclusive of the elliptic or flat arches, the pressure com- 
friction, which will also assist in re- mences earlier in the building than in 
lieving the centre of some portion of the semicircular arch; when the limit 
the pressure, and the effect of inter- ©f the angle of resistance f is reached, 
posing cement; with a block of dry free- the stones slide upon each other down 
stone for instance, the friction prevents on the centre, and the pressure varies 
the stone from sliding against the centre, ^jth the elevation of the joint, so will 
until the angle C AB is about 35°, with the friction vary with the elevation t. 
a block of granite the angle was found if ^e suppose that the angle at which 

to be 33° to 340». the stones begin to slide is 33«> (with 

The pressure is again diminished in fresh mortar interposed)* then the co- 
consequence of the tangential thrust efiicient of friction being 0.66, we may 
exerted more or less by the arch-stones calculate by the formula given in the 
on those in the same course below them* note, that as the joints attain the fol- 
the tendency being to push outwards lowing angles of elevation, so will the 
some parts of the arch. According to proportion given of their weight be 
the opinion 6f Mr. Couplet, none of the thrown on the centre :— 
arch-stones below 30^ of elevation press 
upon the centre, supposing the arch to Angle of eleyation. JVactionofrtie weight 

be semicircular, and of uniform thick- ot ' ' * ' nr!^ 
ness; he also concludes that an arch ^^ * * * * ^'^ti 
under these conditions throws upon the 1« * * * * n afn 
centre not more than four-ninths or not tn ' * * ' a otV 
quite one-half of its total weight. Dr. „ * * * * ?4.0 
Robison considers, for reasons which m\ ' ^ * * ntt« 
he does not state^ that the pressure is 60 ... . 0.536 
as niuch as two-thirds of the whole jt appears from the calculation, that 
weight. , when the stones lie inclined at an angle 
It results from these views and facts, ^^ 450 ^^e pressure on the centering is 
that It IS advisable to exercise some ^bout one-quarter, and at 60*^ above 
discretion m building up a centre, other- ^alf the weight of the arch-stone, 
wise it IS dangerous to attempt a dis- 
play of skill ; in some cases, centres " ' — "^ 

have completely given way, as in the ^ gee ConHmctUm qf Machinery, chap, 

erection of an arch on the river Derwent, jy,^ pa^e 107. 

when, as the masons were about to lay 1 The following equation anses from tbe 

-----—---——-— --_—-.^———— —— figure given above, a = angle of elevation = 

• Rennie, « PhU. Trans." 1829. This U said f/ »•/ " ** T^^^^'^^fw'Z -Lu 

with fi»h finelygroJd mortar the stoSw weight of the stone, in quesUon, thea 
slipped at 2S°. P «= (sin. a — /oos. a) W. 
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. Several interesting eismplei of cen- with that of Perronet in point of itiff* 
tering are afforded b; ihe French en- ness, and generally in the skilfal disposing 
gineers. M. Perronet used the follow- of the slrut-beams ; half of a frame is 
ing centre for a bridge huilt at Neuillj, shown in fig. 42 ; the feet A have 
of 120 feet span and 30 feet rise. There a good support in a position nearly 
is evidently but a small ahutment or vertical, which gives them a much 
restiDg place allowed for this centre on greater effect. By a brief observation 
the pier i the whole is a very simple of the figure it will be seen that the 
arrangement, consisting of a number of framing is very simple, being made np 
struts, ah,be,cd, in courses one above of seven pairs, aa, bb, of rafters, abut* 
ting at their upper ends against straining 
beams, and held by king-posts ; or it 
may be siud to be a combination of 

Fig. 42. 



Fig.il. 




another, disposed triangularly; but it 
-will be evident that the strength arising 
from this figure in composition does 
not apply here, the triangles are not 
complete, and the angles are too obtuse, 
so that any force exerted on the angles 
must act with prodigious effect on the 
frame. (See art. 11 of the present 
Treatise.) The struts were bound by a 
number of king-posts, and the frames, 
which were 6 feet apart, were hound 
tc^etber by horizontal bridles *. This 
disposition of the timbers, in addition 
to the oblique footing of the lower 
beams or feet, deprived the centre of 
that stiffness so necessary to support 
the uncompleted arch ; the history of 
this erection sufficiently shows the de- 
ficiencies of the centre : — after the laying 
of the masonry had commenced, the 
crown of the centre alternately rose and 
sunk ; when twenty courses of stones 
were laid on each side> the centre was 
found to have sunk one inch ; with 
forty-six courses resting on it, and the 
crown loaded with fidy tons to pre- 
vent it rising at that part, the whole 
frame sunk half an inch more ; and, by 
the time the keystone was set, the 
centre had sunk \S\ ioches, and risen 
«t the haunches or lower parts. 

The centre used by Mr. Mylne for 
building Blackfhars Bridge Is a contrast 

* The scantling of the timbers was as 
follows: — atrul-beains, 17 by 14 inches; king- 
poit), IGbySiu.; horisontal bridles, IS t^ 
a ia. each half; and eight other horizontal 
ties, B*y B in. 



simple roofs; the direction given to the 
strains is stich as to convey them all 
to those parts which can best support 
them,— little of the pressure at the 
haunches can reach the crown ; in the 
case of the truss aa, one leg rests 
directly over the legs A, and the other 
passes across the framing to the opposite 
side of the arch, which in building 
would be pressed doWn, and thus op- 
pose a useliil force to the leg a ; the 
other raflers act in the same way. The 
progress of the work proved the accu- 
racy of the design, the centre nOt sink- 
ing at all, although closely observed; 
it took more timber by about a third 
than Perronet's centre, and offered more 
obstruction to navigation ; it is much 
stronger, but account should be taken 
of the flatness of the Neuilly Bridge ; in 
the latter case, the ratio oif the Height 
to the span is 1:4, while In Black- 
friars Bridge we have I : 2j, the actual 
dimensions of the latter being 100 feet 
span by 48 feet rise. 

The centering used for the present 
London Bridge is a beautiful piece of 
framework, although it is not entirely 



138 MECHANICS. 

supported from the pien. Fig. 43 re- aisistance of mechanical ikill the de- 
presents half of this ceotre as used for ceniering waa safety effected, not, how- 
the middle atch, the span being 152 feet ever, without considerable alteration in 
and tlie rise 37 feet 10 inches; this is a the form of the arch, trhich is a dan- 
composition of diagonal struts, which, ^rous circumstance. In the bridge of 
as is remarked in the present li'eatise, Neuilly, the sinking during the progress 
chap.I.p. 122,iBthestrongestdLsposition of the buildiDs was veiy nearly 14^ 
of framing-pieces ; all the upper frame- inches, but wnen the centering was 
work rests upon the great beam A, 181} cleared away, it was depressed 10} inches 
feet lone, which lies on three diagonal more, making the total sinking nearly 25 
frames B t below these a the arrange- inches (22 pouces, 9 lignes). In another 
meut of wedges and their receivara ot case — the bridge at Mant«s — the sinking 
on removing the centre was 9i inches. 
Fig. 43. which, with the previous alteration 

while on the centre, made a total fall of 
above 22| inches*. This result on Che 
clearing away of the support may he 
iairly attributed to bad mason's work, 
but Perronel removed his centres very 
soon after the completion of the arehes, 
which also were very Sat at the crown. 
The el^ant granite arch built over the 
Dora Kiparia, near Turin, spanning 
147i feet and rising but IS^ feet, only 
descended 6 inches in the five days 
during which the centre was being 
removed; this, though it contrasts very 
favourably with the la^ quanlilies 
rtriiing-fylatei C, supported by the before stated, is much greater than we 
struts or feet D D, and the piles E; find ot allow for in arches erected by 
iheseprevont the possibility of any acci- our engineers. Dublin Bridge, of 105 
dent arising from the great obliquity of feet span and 22 feet rise, through the 
the feet; the oak-strUt a also is of great stiffhess of the centering, sank but one 
service to the long beam A, meeting it >nch during the erection, and If inch on 
just where a great downward thrust ia striking the centre; Grosvenor Bridge, 
exerted by the beam b. There were over the Dee, at Chester, of 200 feet 
ten of these frames or ribs to form each fpan and 42 feet rise, exhibited no open 
centre, containing altogether 800 tons of joints during the operation, and it finally 
timber; a centre was, however, erected sank but 2^ to 2g inches; Blackfriars 
in ten days. Bridge moved but IJ inch in settling, 

(80.) It is necessary, in forming the the arches being, however, 43 feet rise 
centre of an arch, to make some arrai^- for 100 feet span ; Bow Bridge, a single 
ment for steadily removing it when no "fch of 66 feet span and 131 feet in 
longer required. This, which might height, descended one inch in building, 
appear a simple operation, is one calling and only halfan incii on easing the cen- 
for great care, otherwise some parts of tering, which was halfan inch less than 
the yet unsettled structure will sink and 'he amount allowed when the work was 
thrust others out of their place, to the *et ou' ; and Waterloo Bridge, in which 
imminent danger of the whole. There centres were used after the model of 
is, however, a sinking or settlement of Blackfriars, on decentering, sank but lij 
the arch when the centre is removed, inch in any arch, the span being 120 
sometimes to an alarming extent; this feet to arise of 35 feet. The method 
is generally allowed for in laying the of striking or lowering the centre in the 
arch stones, M. Ferronet used small British works now mentioned is different 
blocks beneath the arch stones, which, from that of M. Perronet and other 
soon after the bridge was keyed in, he continental engineers ; the contrivance 
began to remove, commencing at the adopted in Blackfriars and many other 

lowest part on each side ; as he pro- 

ceeded, the arch stones slid after the ~~ ' 

centre, and the joints opened so as to • MimoirM do rAcsd&nia Eoyale dei 
create some alarm, but by the timely Bcience* for the year 1778, p. 33. 
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bridge-centres is shown in ^. 42, and at Fba, In the former case friction is 
G,^. 43; the lower ends of the trusses evidently an important element in the 
rest on a bed, the under side of which calculation, being the only force that 
is of a zigzag form, to receive the wedge prevents the body A from slipping on 
placed between it and another similarly the upper face of B ; it appears from 
cut piece, resting on the feet A and D, the last column in the tables (p. 108), 
their surfaces being covered with copper, that if the angle Fba, which the force 
When the arch is completed, the opera- makes with the vertical ab to the sur- 
tion of lowering the centre is performed face of the solid B, be not greater than 
by driving the wedges inwards; this is the limit of the angle of resistance of 
effected either by common mauls, or, as the substance, then A will not slip ; if 
at Blackfriars, by means of a heavy greater, stabilitycannot exist unless some 
beam suspended n-om some paH of the other force be in action to oppose F. 
centre, and driven, like a battering ram, Again, the second condition necessary 
against the wedge. to the equilibrium of A upon B is that 

the direction of the force F should pass 
through the surfaces in contact, other- 
Chapteb V. — General EquHibrium of wise the upper body will be liable to 
Stmcturet in Sione, Sfc. — WalU of turn over upon one of its edges, should 
Buildings, and Revetmenii, the force be sufficiently great to over- 

come the small resistances which are 
(31.) In ordinary buildings of brick, offered to it; thus, it is dangerous if the 
stone, and analogous materials, the con- force be in a position such as F' b\ for 
templation of their stability or resistance rotation is likely to occur round the edge 
to pressure is different and far more c, unless the moment (art. 5, p. 116) of 
intricate than in the structures we have the centre of gravity g, added to the cohe- 
hitherto considered ; where beams of sion of the surface in contact, be equal 
wood are compressed they are generally to the moment of the force F'. It must 
placed in the direction of the strain or be recollected that the vertical g b 
pressure to be supported, and we have through the centre of gravity requires 
then an outline figure or frame in which the same conditions as the foreign force 
the directions of all the forces can be F. 

traced, but in built-up solid forms, such (33.) Walls, when simply used as a 
as walls, piers, arches, and bridges, the means of separating portions of land, 
inquiry into the effects of forces calls for have bnt their own weight to sustain, 
closer observation, and, after all that can and require no particular consideration 
be done, the results are less certaiuw in a theoretical point of view; but when 

(32.) When a single mass is acted on they are used for supporting other 
by any forces it will be compressed, or structures, the operation of the pres- 
crushed,or its parts torn astander, accord- sures upon them demands investigation, 
ins as the forces exceed the force of The walls of ordinary houses, for the 
cohesion of the atoms composing it^ but most part, have the pressures upon 
when two solids, as A, B, are resting them in a vertical direction, some hori- 
together, not being Connected by cement, zontal thrust, however, is to be supposed ; 
and some force or resulting force F act they should decrease in thickness up- 

wards, owing to the load varying in 
Jftg. 44, quantity, and also because they are less 

liable to be disturbed by any forces 
which may accidentally act against them, 
when the centre of gravity is nearer to 
the ground. A great portion of the 
stability of houses at present constructed 
IS obtained from the girders and joists of 
the floors, which tie the walls together ; 
and it has frequently occurred, when 
these important beams have decayed, 
on the upper solid, their mutual stability that one or more of the walls has 
depends on the inclination of the joint fallen. 

or faces in contact of A and B, and also (34.) In churches and some other build- 
of the inchnation or direction of pressure ings the walls have to support a great 
with respect to the joint, or the angle thrust from the roof; this is shown in the 
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accompaDTing figure> vhere two watU appendages to the structure, yet, if 

are repte»ented aa sustaining a high and removed, the dettruction of the whole 

loir roof. edifice mieht l>e the immediate conse- 

Fig. 45. quence. In the accompanying figure a 

wall AB iB Musted by the buttress D C, 

Fig. 46. 




A B is supposed to Ijear the thrust of 
the upper roof, as indicated hj the arrow 
P; this thrust is carried by the aisle 
roof E C ID the direction E F, which, 
with the thrust of the roof itself, is 
tending to turn over the wall C D about 
the edge D ; then the moment or power 
of the force F to upset CD will be 
found by drawing the line F D, D being 
the edge about which motion would 
take place. To resist this effort we 
have the weight of the wall D C, the 
moment of which is obtained by multi- 
plying the weight by the distance J)d of 
the vertical line through its centre of 
gravity O, from the edge D ; this dis- 
tance, if ilie wall be homogeneous, would 
be equal to one-half the thickness of the 
wall; collecting these amounts we ob- 
tain the following equation for equili> 

PxFDss weight of the wallDCxDrf. 
Here Fstands for the thrust from the wall 
B A and that of the roof C E, combined. 
In addition to the resistance arising from 
the weight of the wall, there is another 
of importance in practice, namely, the 
cobesiOQ of the parts of the wall ; if the 
forces F were so great as to produce 
rupture anywhere between C and D, 
the cohesion of the parts must have 

(35.) In consequence of this overturning 
thrust, which occurs in many, especially 
Gothic, ecclesiastical buildings, buttresses 
are applied lo the wall, at regular dis- 
tances. In order that additional strength 
may be given to it; at the same time. 
they are, in many cases, so admirably 
disposed as to appear lilce ornamental 



Then, to find the conditions of equili- 
brium for this figure, we must exchange 
the edge of the wall for the external 
edge D of the buttress, and the arm of 
the foree F will be F D, while the op- 
posinj; forces will be the weight of the 
wall and its leverage d D, and the weight 
of the buttress and its leverage gD. 
When a pinnacle is superimposed od 
the buttress it adds its weight to that vt 
the buttress; but the statnlity of a body 
is injured by increasing height without 



called flying buttresses, 
aud perform their ofllce of supporting. 



; part able tc 
(36.) Fortemporary purposes shores are 
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tued to auBtainsinkiDgiralls, earthworks, foi there is so much disapeement be- 

and other stniciurea. The eflect of a tweea the tesuiti of different calculators, 

shore may be considered br taking its each of nhich has found that his own 

moment acting contrary to the overset- must be the truth, that the engineer 

ting force. Thus, if A B C be the body finda little of useful diiecljoa from ma- 

supporled, because pressed down by ft tbematicians. 

force F, the disturbing force is F X F A, (39.) When earth haa to be supported, 

and to oppose it we have the strength it ia necessary to observe the natural 

of the strut or shore D E multiplied by slope or angle of repose of the particular 

S A.addedtotbeproductoftheweightof kind of earth in question, that is, the 

AB C and the perpendicular to its direc- angle at which it will begin to slip. The 

tion A j. In addition to this there is also following table shows the natural in- 

a. resistance to the rotation by reason of clination of several substances ; — 

the weight of the shore pressing against Fine sand (dry) . . 21° tf 

the wall ■, this 19 not equal to the whole j^^ j^ ^ ' g^ gg 

weight of the beam, hut is equal to the p^' j^' * ; ! 39 o 

weight X ™ G'ai being the vertical Loose shingle (dry) . 89 

D E " Common earth (dry) . 46 SO 

from the centre of gravity. Do. do. (damp) . 54 

(37-) In all these cases equilibrium Compact earth . . 55 
only has been considered; the forces 

tending to injure the edifice have been It appears from this fable, that when 
supposed to be equal in their effect to "and is heaped up behind a, wall, a much 
the conservative resistances, neither the greater quantity and weight presses 
former nor the latter preponderating; against the wall, than when the sub- 
but it will be evident, from a moment's stances below it are in similar circum- 
refiection, that it is impossible that a stances. The angle of slipping must be 
building could stand under such circum- found by actual experiment, in every 
stanch, — the most gentle wind would case- 
throw it downj it can have no stability; 

the resistances must be greater, and, , . . _ 

generally, are very much greater, than vertical rectangular wall, or a leaning 

the destructive pressures, to allow for wall, orof a trapezoidal form having one 

various extra-theoretical considerations, sloping side. Between these form3_ a 

such as, the action of the weather, comparison may be instituted by taking 

storms, sinking of foundations, inequality the moments of the weight of wall, and 

in the strength of the material, badness the pressure of earth. Thus, if the wall 

of the cement, and imperfection of work- AB(Jfe.48) support the eartbBCD, 

manship*. All these things are against and CD be the natural slope or the Lne 

the buiUer. „ 

(38.) In engineering a most important r\g.'v^ 
subject is the best method of supporting 
earth by brick and stone walls, called 
tevetTuenU, which occur in forming docks, 
quays, reservoirs, bridges, and fortifica- 
tions; yet, although of so much import* 
ance, both on account of the circumstance 
in which they are required, and the 
number of indispensable works in which 
they are principal parts, it might be 
thought that their principles and practice 
are well known; they are, of nearly all 
other subjects, least understood. The 

action of the earth upon them, with the of repose, all the earth contained in 
character of the resistance they offer to the angle B D C will be pressing 
the load, is a mystery. Much calculation against the wall with a horizontal force 
has been mode respecting them, but no P, tending to push it either forward on 
satisfectory results nave been deduced; its base, or over the edge A. The 
. former motion will occur if the friction 

•■ The effwl of (wm !• not so much thought of the wall on its base, added to the 

of in building in the present age. etrength of the cement at the failing 
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part, is Dot «qual to the force P. To 
find the friction of the wall it is aeeettiry 
to know ila dimensions and the weight 
of a cubic foot of its material, as the 
friction is the product of the whole 
weight and the coefficient of friction of 
the substance (mc page 106). The possi- 
bility of the wait Iwing turned OTcr upon 
its edge depends on the product of its 
weight and the distance of the edge A 
from the perpendicular Ag to the Tertical 
from its centre of graTitjiGibeiogless than 
the product of the pressure P of the eartb, 
and the perpendicular to its direction Irom 
the edge A. This it will be seen, sup- 
poses tbe parts of the wail to be so 
flrmlj' attached to each other as to form 
B solid mass — a supposition which can- 
not be depended on in an; case, as 
practice abundantly proves. 

(41.) When the wall is inclined, as in 
^. 49, it is called a leaning revetment. It 
is certain that a much greater force will 
be required to overturn it, as its weight 
has so much more leverage. It is ad- 
visable, however, that the inclination of 
the sides should not ba so great as to 
throw the perpendicular Gg without 
Fig. 49. 



with a base greater than the summit or 
top, the slope or batltr being eiternal; 
this is a much stronger disposition of 
the materials for the arm Ag; and, in 
consequence, the moment of the weight 
of the wall is greater; the centre of gra- 
vity also is nearer to the base ; it it 
certain that at the top of the wail there 
is no pressure of earth, but the weight 
increases as the depth increases ; Uiis 
will appear by drawing a section,^. 51, 
of the triangle of earth ABC, B C being 
the natural slope. If A a, equal to one- 
Fig. 51. 




the base of the wall, in case of any 
failing in the earth, and also because the 
earth would have more power to push 
out the lower parts, if the masonry be 
at all unsound. 
(4S.)A5lopingrevetment,j^.50, isbuilt 
Fig. 50. 



third of the height be taken, the triangle 
A a c of earth pushes against it, and do 
more ; if A a be removed, that portion will 
slip away; considering the second portion 
ab of the wail, there are three trihngles 
in the section abdc, which would also 
slip away if the part ab of the wall were 
removed; finally, the lowest portion iB 
supports the five triangles of earth 6 B, 
Ci^ We should naturally conclude that 
little or no thickness of masonry is 
reduired at the top of tbe wall, and tbe 
stability of the whole wall is much 
increased by lowering the centre of 
gravity (lee art. 7). These remarks 
receive an illustration in the fact that 
revetment walls in failing have frequently 
given way first by bulging outwards at 
about one-third of the height of the walU 
Generally, the foundation being well 
laid, the ahding motion of the whole 
wall is less in danger than its overset- 
ting. 

(43.) Someexperiments were tried by 
the direction of Col. Pasley* to deter- 
mine the actual powers of diffbrent re- 
vetments. He used models of revet- 
ments of different kinds; and first tried 
what weight would overset tlie model 
by itself; this weight he calls its stability; 
then heaping up shingle behind it, the 
weight required to overturn it (if any) 
measured its stability under the pressure 
of the earth: with a rectai^ulat wall, it 

* Coune of Military luBtnution, nd. 8> 
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waa found that its stabilit]' by iuelf lifth of the height of the models; in 

being 47 lbs., it required with the shingle some cases they were prevented from 

behind it but 30 lbs. 1 showing a loas of sliding forwards. One objection is to 

17 lbs. of stability; with a wall eloping be made to these eipeiiments ; the 

towards the shingle (fig. 50 reversed! models were not built up, but consisted 

the stability alone being 61 lbs.; with of wooden cases filled with earth, and 

the shingle it required 60 lbs. to pull it could not therefore properly represent a 

over; whence it would appear that the structure of brick or stone, 

weight of the earth on the sloping side (44.) M. Mayniel* published, some 

gave an additional stability of2Ellbs.; time since, an experimental and ana- 

but a sloping wait of the form shown va lytical treatise on this subject, in which 

j^. 49 lost by the application of the he gives, as the result of eiperiment uid 

earth, its sl^itity alone being 85 lbs., theory combined, the requisite thickness 

and with the shingle 77lbs. Using a of retaining walls for the following dif- 

leaning wall, it had a stability of itself of ferent substances. The thickness given 

86 lbs., which was increaseil to 1 10 lbs. is supposed to be for a height eqiul to 

by the backing of the earth. The unity: — 
sloping sides in all these cases was one- 






Cut stone , 


. 204 lbs. 


0-13 


Brick . , 


. 192 


016 


Rough stont 


: 163 


015 


Rolled flints 


1 178 


O'U 



InieUy Sand. RubbUh. Out. floi<l- ^MOii. 

0-16 0-26 017 0-41 0-44 0-24 

0-19 0-33 0'24 0-17 0-54 034 

OIB Oao 0-22 016 0-49 0-29 

017 0-29 0-21 0-13 0-47 0-27 



above specific weight) had to sustain cutting; the wall was dangerously driven 
gravelly earth, it must be 5-7 feet \a inwards, and a number of iron girders 
thickness, ot for sand 9-9 feet, or for were placed between the walls to give 
wet earth 10-2 feet thick. mutual support. 

(45.) Some walls are built with a The previous consideration of the 

curved slope or batter, as occurs in equilibrium and stability of waJts, indi- 

lome railway cuttings. This form, how- cate sufficiently the great importance of 

ever, tends to throw the centre of gravity gaining knowledge of this subject; the 

forward, and the line of pressure through question how to build a wall, ii the 

the mass of the wait nearer to its enter- great question to be solved, when any 

nal elope. These are injurious conse- structure it undertaken ; proceeding 

quences. A wall of this description, without duly weighing the requirements 

built up against a clay earth on the of the walls, how many buildings, how 

Euston incline of the London and Bir* many public works have failed, after the 

mingham Railway, about 20 feet high, builder's natural enemies, which were 

and having a thickness of from 1^ to 5^ mentioned in a preceding paragraph, 

bricks, as appears from the diagraoi, had exerted their quality-testing powers 

for some time ! What has been said 

J'ig. 52. above relates to particular kinds of walls; 

before, however, concluding the chapter, 

it will be useful to take a Tien of a wall 

in a more general manner, applicable to 

such cases as piers and abutments. 

(46.) Ifawall.abutment.orpietABC 
D(j%.53), have to sustain a force F in the 
direction F C, it is required to find what 
eScct will ensue, and what is necessary 
to sustain equilibrium. Resolve the 
force F into two, H and V, one in a 
horizontal direction C H; and the other 



* Quoted by BoTgni), Trtutd 
de Coonnictian ap^qafe i 1' 
Civile. Farii, 1823. 
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in a yertical direction C V; the latter 

force, consequently, tends neither to Chaptee VI.— The Arch^Flat Arch. 

— Equilibrium of different Forms. — 
Fig, 53. Coulomb* t Fiewi, — Rupture. 




push the structure out of its place A D, 
nor over on the edge A; the component 
H endeavours to do both. The resistance 
to horizontal motion will be the vertical 
forces producing friction, if the wall be 
supposed to rest on its base without 
cement, or the resistance is/x (W+V), 
W standing for the weight of the wall, 
and/, as before, for the specific friction 
of the substances between which the 
friction would occur. If the structure be 
separated, the part above ground sliding 
on the lower, the first resistance to be 
overcome would then be cohesion of 
the cement or the substance of the wall 
itself, whichever possessed the less tena- 
city. Then the overturning force or 
moment of H, if the wall withstood 
sliding, would be H x A H, which, if 
there be equilibrium, must be equal to 
the opposing forces together, or 
W X Ag + V X A V. If the wall be 
rectangular, as A H C V, then the mass 
of it will be equal to the height, multi- 
plied by the thickness and the density of 
the materials, or AH X AVx density, 
so that a strain occurring horizontally is 
met by this quantity, producing friction, 
which expresses the opposition which 
the wall can afford; the moment of 
inertia or resistance offered to an over- 
turning motion is the mass multiplied by 
the distance of the vertical through the 
centre of gravity, which would be one- 
half A V, and the product is J A V X A H 
X density. From this statement we learn 
that the resistance to a horizontal dis- 
turbance increases (with respect to 
thickness) as the thickness increases, 
but the opposition offered to rotation 
increases as the square of AY, or the 
thickness. 



(47.) The hiehly scientific and beautiful 
character of the arch, as well as its social 
utility, has enlisted many able mathema- 
ticians in the work of developing its 
rigid principles of equilibrium, and 
closely-observing practical men in esta- 
blishing the proper precautions to be ' 
taken in order to give stability and ele- 
gance to arched structures. However, 
the common theories of the arch are 
founded upon suppositions which prac- 
tice does not require, neither can obtain. 
An arch may be said to be a structure 
in which a line, drawn from the vertical 
to the centre of gravity, does not pass 
through the joints of the structures; 
they are of an angular, flat, or generally 
of a curvilineal form. An angular arch 
combines the most simple with the 
strongest form, as the thrust exerted can 
only labour at one object — the crushing 
of the -materials. It has proved useful in 
many cases. It is obvious that any force 
F (Jig. 54), acting on the key-stone A, 
is met by two resisting pressures in the 
direction of the sides AB, AC, and be- 
comes a question of the equilibrium of 

Fig. 54. 




three forces. However, practically con- 
sidered, the force is not generally at F 
alone ; the sides are loaded, and some- 
times the top is not. 

(48.) The flat arch or plate-bande is 
a useful and very common form of arch ; 
it is composed of a number of bricks or 
stones with inclined faces AB, a 6 (^-55), 
the extremities abutting on walls or piers. 
By calculation it may be shown that the 
joints should be so inclined that the 
faces produced would meet in £, or the 
directions of the joints must meet in a 
common centre. The possibility of the 
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parts slipping, or of turning over upon given) what must be the form of the 
the edges A, C, B, is determined, by extrados DE* Ako, the arch-stoneB 



Fig, 55. 



Fig, 56. 





considering the weight of the half 
A B C D, acting through the centre of 
gravity G, and the thrust T, occasioned 
at the abutment A B, and also at the 
opposite part of the arch (at B C), by 
that weight; whence it is easily shown 
that there is a limit to the span of this 
kind of arch, when the depth of the 
stones and the inclination A Be from 
the vertical of the last joint AB are 
^iven ; the span, when the last joint is 
inclined at 45^ can be but ^ve times the 
depth; if ABc be 30®, it can be ex- 
tended to 7^ times the depth *• It also 
appears that the horizontal thrust at 
A B is not according to the depth B C 
of the arch, but varies as the square of 
the span. It would follow from this, 
that by adding to the Weight of the arch 
its stability is increased, as it would be 
equivalent to adding weight to the piers 
supporting. 

(49.) In the curvilineal and most 
general form of arch there are many 
varieties of outline, and, of course, re- 
quiring diflferent calculations for theif 
equilibrium. By the common theory of 
the arch the arch-stones are supposed 
to be uncemented and unaffected by 
friction, but to form a number of wedges, 
which by their mutual thrust, are sup* 
ported in their hanging form. With these 
conditions mathematicians have under- 
taken to determine what m ust be the curve 
AbC (or inttadot) {fig, 56), when the 
exterior profile D E (or extrados) -id a 
straight line ; or if the intrados A 6 C be 

* We have the following eqtiatio& to deter- 
mine the angle KBe (^ d), or the length of 
the arch (» 2 Q, or the depth BC (»d)>-~ 

tan.«-^8-^-.-. 



being equal In size. What should be the 
form of the curve. 

(50.) In the first case, calculation 
points out a curve, AbC, differing from 
a circle, inasmuch as the radius A B is 
greater than C B; this result is obtained 
on the supposition that the pressures on 
the arch-stones are vertical, and the 
material equal in specific weight in all 
parts; neither of which conditions is 
obtained in practice as required. This 
figure, however, is useful : when practical 
circumstances are introduced, friction 
and cements added, we find its suscepti- 
bility to change of form by reason of 
irregular pressures, no longer a matter 
of fear to the builder. The centre arch 
of Blackfriars Bridge is 40 feet rise 
(B C), and 100 feet span (twice A B), 
and by comparison with the following 
table, calculated by Dr. Hutton, for an 
arch of similar height and span, with an 
horizontal roadway, proves to be nearly 
the same in /orm : — 



Ee 


6c 


Ec 


be 





6000 


25 


12*489 


a 


6*035 


30 


15*980 


4 


6*144 


35 


20066 


10 


6*914 


40 


26*894 


15 


8*120 


45 


35*135 


20 


9*934 


50 


46*000 



The above figure is drawn according 
to these measures.. 

(51.) In the second case, if a portion 
of a circular arc be required for the inte- 
rior curve or intrados of the arch, it 
may be found that the stones and load- 
ing should vary as the cube of the 
secant of the inclination of the tangent 
to the horizon ; in the figure above, d e 
is the tangent to the curve A C at the 
point bt and its inclination to the horizon 
is the angle dcB; then, if the cube of 
the secant (ed) of this angle be found 
for different points, as C, 6, and A, of 
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the curve, we shall be able to draw the less than the circle ; still it will finally 

following figure, remembering that the run up to an infinite height at D. With 

number found expresses the length or 

depth of the line cb. The extrados here ^^» 6^* 

obtained sinks from the crown E {fig.51) j) 

of the arch until it reaches F at about 35^ 

from the vertical B E ; it then takes a 

Fig. 57. 





sudden turn and rises rapidly, so that 
the arch stones or loading should vary 
as the line b c, or between F and D it 
should rapidly increase to infinity. It 
is thus evident, if this be true, that no 
disposition whatever of the weight could 
keep up a semicircular arch; such a 
figure could not be equilibrated; the 
lower parts A would be driven outwards ; 
neither could an arc greater than about 
20° on each side the vertical E B, be 
used with an horizontal exterior, or 
roadway; arches, however, have been 
constructed with level, or nearly level, 
extrados, of a circular form, even to the 
extent of a semicircle, and stood a very 
long time. Most of the bridges and 
other arch-works, still remaining to re- 
cord the wealth and science of ages 
passed away, are of a semicircular form. 



this figure it may be seen that about 45^ 
may be allowed with a nearly horizontal 
roadway, which is much greater than in 
a circular curve*. The elliptical arch 
is, however^ frequently used, on account 
of its elegance, and flatness at the 
crown, in a manner quite inconsistent 
with theory. Waterloo and London 
Bridges are fine examples of elliptical 
arches. 

(53.) It may be also proved mathe- 
matically, that when the arch-stones are 
of equal weight, the figure of the arch 
should be that of a chain, when sus- 
pended loosely between two points, a 

Fig. 60. 




I 



Trf'frrrf] 
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(52.) According to theory, if the curve 
of intrados ACG be given a parabola 
(Jig. 56), the extrados F E H must be a 
parabola also. If the curve is to be an 
ellipse ACG, be must vary somewhat 



curve called, in consequence, the cater 
naryii if, however, the pressure be not 
equal, an arch built of this form would 
be very unstable. Dr. Robison adopted 
a practical modification of it thus : — 
Supposing the span of the arch to be A B 
Cfig.60)t the required height or rise about 
C D, and the roadway £ F to be hori- 
zontal, let the figure be inverted, and 
AbBsL chain of uniform weight forming 
a curve which at first will be a true 
catenary ; then take pieces of chain 1 2, 

• The depth he {^ y) maybe found for 

ftpy point by the following formula : as semi* 

axis major (A H), 6 s semiaxis minor (G H), 

a 6* 
and a; » G B. Then y » 



f C<Uena, Lat., a chain. 
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3 4, to represent the weight purposed to push it along ab; also the least value 

he put on the arch, at equal distances, capable of causing rotation about the 

1, 3, 5 ; these weights will alter the edge b, and the greatest value to with- 

curve, pulling downwards the chain be- stand the tendency to rotation about a, 

tween the middle b and the points of It is, consequently, indispensable to 

support, and allowing the middle b to stability, that the values or intensity of 

rise. If the ends be trimmed to the the force F in these cases should be 

straight line (care being taken to keep greater than the greatest, and less than 

the weights unaltered), the curve A6B the least value so found, 
will be rormed, and give the true form for First, then, to- investigate the forces 

the arch. It is said to have been adopted, concerned in sliding. The agent tending 

on one occasion, for an arch of 60 feet to push the mass bCD a inwards along 

span and 21 feet rise« ba is the weight W of the mass, which 

(54.) Coulomb made an excellent in- through its centre of gravity G presses 

vestigation respecting the principles vertically downwards ; it acts, therefore, 

governing the arch, independently of partly against the plane a b, obstructing 

any given shape of intrados or extrados. the motion, and partly along the face. 

In this inquiry he considered the possi- which is effectual : so that if fh be 

bility of an arch failing, either by some taken on the direction of the weight W 

parts opening and the stones tumitig on to represent the weight, and/g be drawn 

their edges, or the direct pushing up or perpendicular to, and g h parallel with, 

down of any part of the arch, as the a d, or a E, these two lines represent 

effect of any force generally liable to act the relative effect of the weight on the 

upon it. The following figure will indi- joint; fg being expended in compressing 

cate the very natural conditions which the materials, and g A in the production 

he supposes. A portion or half of an of motion, and their ratio with respect 
arch A B D C, standing on A B, is kept . • i , • u / ^in • f^ i R^ 

up by a horizontal force F acting against ^ ^^^ "^^^^^ ^^'S"' C/A) is •'^ and ^, 

the highest stone in the direction Fc, -^ ^ » r /• !_• 'Il 

^ Hence we nnd the force pushing the 



Fig, 61. 



mass down a 6 is 




w X 



«* 



fh 
To oppose this there are, — F, acting 
obliquely against the joint a &, and the 
friction arising from the pressure of F 
and fs on the face of the joint. The 
force Fmust be resolved similarly to the 
weight W ; \i ab be produced to c 
where F^ produced meets it, and ce 
be taken in magnitude to represent F, 
then c d, drawn perpendicular to a c, and 
e dj parallel with it, will indicate the mag- 

, , . , « . , ^ ,, nitude of the force in those directions, 

and the weight of its arch-stones ; the ^^^ ^j,^ ^^^j^ ^^^^ bears to the original 

force F answers to the thrust of the ° , 

opposite half-arch, and it is required, in force F (ec), is shown as before, — 

order that A C D B may stand, that this c e 

force should not be so great as to push ^j ed _ ^^^ ^^^^^ ^ ^^^ 

It over, or backwards, nor allow its c ^ 

weight to overcome, and drive it inwards, pressing the materials, while the latter 

Suppose anyjoint,asfl*, be t^en. Then ^es in the direction ab, or the re- 

the force must prevent aBCb from ^^^^ ^^ ^1,^ direction of gA, which is 

shdmg along the joint m the direction ^ ^^ tij^^ the first part of the opposing 

abr that is, outwards, or along ba, or ^ ^ 

inwards ; neither allow it to turn over force is F X • 

on the inner edge «, nor push it round ^ ^ . . 

over the upper edge b. When the force The second part, or the friction, will be, 

F is obtained he finds the greatest value of course, the effect of those components 

required to prevent the sliding down of of the resolved forces W and F, which 

ba, and the least value necessary to act perpendicular to the surface of the' 

L 2 
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» . f&'t^c arising from the cohesion of the two 

arch-stones at a & ; these are — and — g^rfaces in contact at the joint ab. This 

. . ^. ,. will be according to the quantity of sur* 

—these bring into operation the peculiar ^^^ |^ contact; and as every substance 

or specific friction of the substance ^^ ^^ specific cohesion, like friction, 

composing the arch-stones, so that the ^^e two elements must be multiplied 

coefficient of friction multiphed by the together, whence this resistance is . 

actual pressures gives us the actual fric- i_ • ^^ ^ 

tion ; thus we have for this second part cohesion X surface, 

of the opposing forces We learn from this analysis of the forces, 

(^ ^^v that to sustain equilibrium the disrupting 

Wx'^-fFX — ). force acting along ha must not exceed 

/^ ^^^ the resistances enumerated; gathering 

In addition to these resistances there is them together we should have for equi- 

anotiier, little understood* namely* that tibrium 

Wxf^ = Fx— + frict. X f W x*^+Fx— ) + cohes, X surface. 

fg ec \ fh eef 

We now have that value of F in this ^^ 

equation which will prevent the portion if F X — be too great, it will move 

of the arch a D C & from sliding down ^ ^ 

a 6, but it must be remembered that the the mass up on the joint ; to do so, 

value of the force F, if too great, that is, however, it must overcome 

W X I-. 4- frict. f'F X — + W X ^■^\ + cohes. X surface. 

fh \ ec ^ fh) 

The least value of F necessary to over- power to make the arch-stones slide,, 

come this resistance, or to turn the part it being perpendicular to the surface, 

of the arch over tlie edge at 6* is here Similarly with the weight W, represented 

shown. hy/A (or e E), the higher the joint the 

The magnitude of the component greater will be E F in comparison with 

forces cd^ de, and fg, gh, does not Fc; and £ F corresponds to ff h, or the 

continue the same for all the joints; cd, power of the weight to make the stones 

for instance, will be less as the angle slide, so that at C D, c E (representing 

ced becomes less, which it will do as the whole weight) it would be equal to 

each joint below a 5 is the subiect of F E, or the stone would be urged to 

calculation, and greater with each joint slide with all the force of its weight — 

above a b, until, at CD, cd becomes this we know to be true ; and the lower 

equal to c e, or the whole force is effect- the joint the greater would F c become, 

ive. The angle gfh follows the same or/flf— the force exerted perpendicular 

law of decrease and increase; but it to tne joint — would increase, until, at 

may be easily shown by geometry that A B, as we are well aware, the whole 

the triangles c^f,/g A, are both similar weight would be perpendicular to the 

to the triangle c E D, the angle at £ being joint, or fq would become equal to fh, 

equal to the angle dee, and the angle or F c equal to c E. 

g hf equal to the angle D E c, so that We have now considered the proba- 

the sides oftbe triangles are proportional: bility of any sliding of the parts of an 

thus the efiects of the forces may be arch in consequence of its weight or the 

represented by F E and F c. From this horizontal force applied at its crown ; 

it will be plain, that as the elevation of the remaining, and most possible move- 

the joint fl ft, or the angle it makes with ment that may occur, is a turning of 

the horizontal line is greater, so will the some one or more arch-stones on the 

vertical force of F on the joint increase, edges of the stone immediately below it; 

that is, F E (c rf) will become of greater this can be readily estimated by the 

value as compared with Fc (or de), principle of the moment of forces (art. 5, 

which is that part of the force tending Eq. Struct.). Producing the forces F 

to push the stone along the joint; finally, and W (fig. 62), perpendiculars a* bs', 

at CD, where the force F is perpendi- ai/ by\ may be drawn from the inferior 

cular, we know that the lines c E and. superior edges of the stone; for about 

C B would coincide, that is, c F would one of these the rotation, if any, must 

disappear, and the. force would have no take place. With respect, then, to a 
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felling inwards of the upper part ab CD, 
or rotation about the joint at a, the 




fbree tending to prodnce it is the weight 
of the mass W, and its actual moment 
of effectiveness depends on the arm by 
which it acts, or on a x, thus the mo- 
ment of rotation about ais W x ax; to 



oppose this there is the force F, acting 
with the arm ay, or F x ay. There is, 
however, a resistance arising from the 
cohesion of the cement, or adhesion of 
the surfaces ; what this is, is not very 
certain, but it has been supposed to vary 
with the distance of any adhering point 
from the point at rest (or a). By the 
calculation in the note it may be found 
on this supposition to be equal to ^ X 
adhesion x square of the length of the 
joint ab*. This, added to the force 
Fxay, is the whole resistance to the 
action of the weight, or W xax. The 
greatest value of F, therefore, which 
will prevent the overturning, must be 
taken; it may, however, become so 
great as to drive the mass over the edge 
b. In this case the moment will be 
¥xbi/y and the resistances are 



W X * *' + i X adhesion x (length of joint)' j 



and the least value of F must be found 
which will affect this movement; this 
value being the greatest admissible. 

Thus Coulomb established the con- 
ditions of disrupture for sliding or rotat- 
ing about some of the edges ; the calcu- 
lation, however, is for one joint only, 
and would have to be repeated for each 
joint, making such a process very labo- 
rious. 

(55.) The most useful and certain 
source of enlightenment concerning the 
manner in which forces act in the arch, 
is the rupture of arches by sliding or 
overturning. Much has been learned 
by attending to cases where arches have 
either settled (or slid, until the forces 
equilibrated,) or grven way under their 
own or extra pressure. According to 
the above investigation we may conclude 
that if the force F, or the thrust arising 
from the opposite half-arch, be unequal 
to the effort of the weight W, even after 
allowing it the assistance of the friction, 
then a sliding will occur ; if the crown 
be too heavily loaded^ W increases, and 

Fig, 6». 




may overcome, unless the inward pres- 
sure at the lower parts A (Jig. 63), or 
haunches, is sufficient to withstand it: 
if W be too great the crown at B will 
shde downwards, pushing the haunches 
A A outwards. 

On the other hand, if the haunches 
are of too great a weight in comparison 
with the weight of the crown, the arch 
will give way by the expulsion of the 
crown, and the inward motion of the 
haunches, until the whole falls ; this 
occurred with a fine bridge called Pont 
y pryd (the beautiful bridge), built by a 
self-taught mason, William Edwards, 
over the Taaf, in Glamorganshire ; when 
the arch was completed the crown was 
forced up and the haunches slid inwards ; 
he rectified the structure by making 



* If an elementary portion dv of the joint 
ab, be taken, its distance from the edge a 
being equal to v, the resistance of the element 

will be —Cdv, C expressing the specific ad- 
hesion of the substances, and I the length of 
the joint ; the moment of this resistance will 

be -CdvXv, and the sum of the* moments of 
all these small resistances will be /-y CdvXv 



:^jfVdv, this is readily hntegnited, imd 
its value may be found for the whole length of 
the joint, or- /*' «5rfv = iC/*, the whole 
adhesion. 
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three holes in the lower parts, which 
greatly relieyed the upper parts from the 
pressure. The improvement is shown 
in the figure by the dotted circles. This 

Fig.U. 




derangement evidently results from the 
insuffici^it value of W, or the arch- 
weight, at the higher portions, in com- 
parison with the lower. 

These two cases include the chances 
of sliding among the parts of the arcli, 
but the rotation may arise from similar 
causes. The general appearance of 
these movements are shown in the fol- 
lowing figure. Sometimes an arch will 
open at the under side of the crown, or 
A; the stones turning about their upper 
edge, this is accompanied by a corre- 
sponding separating of the arch -stones 
on the outside at some distance from 
|;he crown, as B; while at the abutments 

Fig. 65. 



view to determine when and where this 
movement should commence. Dr. Ro- 
bison tried some chalk models, loading 
them until they fell. The phenomena 
occurred as the last figure represents; 
there was always a chipping or crushing 
of the inner edges of his model arch- 
stones between B and A before the 
arch fell ; and he supposed that, to exhi- 
bit the propagation of the pressure, a 
straight line should be drawn from the 
upper edge at A, where the stones 
touch, through as many arch-stones as 
it will pass without cutting the internal 
or external surfaces ; along this line the 
pressure is supposed to act, but later 
calculations have given it a curved form, 
as shown in the next figure. Here the 
dotted lines indicate the line of pressure 
jn both cases: where the pressure on 
the crown is increased the line of pres- 
sure rises until it touches the extrados 

Fig. 66. 





C, the motion is similar to that at A ; 
the upper parts consequently are thrust 
inwards, while the haunches, turning 
round their external lower edges, fiy out- 
wards; this is owing to the excess of 
the wiftight or -loading at the crown, 
while the parts B C are insuflSciently 
"heavy; 

The motion may occur in the oppo- 
site direction, that is, the parts at A, 
turning upon their lower edges, may be 
impelled Upwards, while the haudches, 
turning about the edges C and the outer 
edges ^t B, fall in. 

Experiments have been tried with a 



of the arch at C, sinking to the intrados 
at a Of and again meeting the external 
face at D ; if the weight cause it to pass 
beyond the edge of the arch-stones, then 
the arch will open at B, b 5, and A A, 
the edges at C, a, and D sustaining the 
pressure. Increase of weight at b b, will 
raise the line at those pointsy depressing 
it at the crown and the abutments; AbB 
bA will therefore be the limit of the 
change, so that the arch may stand ; if 
greater, the arch will open at C and 
about a a, and D E, the edges at B, 5 6, 
A A, propagating the pressure. 

An admirable observation of M* Per- 
ironet, when building a bridge at St. 
Edme de Nogentj testifies in favour of 
this view. He drew on the face of the 
arch-stones, while the bridge was build- 
ing, three lines,— ^one horizontal, over 
the crown, and the others, joining it, 
passed over the face of the stone-work 
to the abutment ; when the dentre was 
removed, the horizontal liile sank 
through its whole length, but most at 
the key-stone» while the others moved 
inwards at the upper part, and curved 
outwards at the lower, similar to the 



EQUILIBRIUM OF STRUCTURES. 151 

line C fl D ; the settlement of other 

arches has exhibited a similar move- Chapter VIL-Bridges—^/o^^, Wood, 

-r.*T>.. xi. V *• /» ^^^ Iron, — Stone: — Forms of the 

Rob'son took an observation of ^^^, _ p^^^fi^^ _ pfj „^ 

an arch which fell by the rotation of the AbutmenU.~Layivg the Arch^ouru,. 

arch-stones on each other ; he remarks c«^«/A.^7, 'r^'Li^^.- ^4^ ir . * 

.1 . ,. . « •* r 11 1 • - tjpanareU, — Inzcknest of Key-stone, 

tiiat some time before it fell chips were »i..v/„^. ^^ t ^^a^^ nu 4 r\ 

_. . J A J xr r xu • • * — Bridges of Lionaon, Chester, Dora 

observed to drop off from the jomts Rittaria SSma T init & 

about ten feet on each side of the crown, /«« « . r a, qc, 

or about half-way between B and « (last (^g.) ^e conclude, from a theoretical 

figure) ; the joints at B, ^ *. and A A, examination of the principles of the arch, 

hen opened, and chips dropped from that it is a very delicate structure, which 

the points a a; immediately afterward^ ^^j, ^ \^^^^ ^^^.^^.^^ .^ [ 

the crown sunk the haunches rose, and ^^^ f^^J ^^^^^ ^^^^^^ ^^^ ^^,1^ .^ 

as soon as the edges at C were broken f^^^\^ ^^^^ would be a thing, when 

off, the arch fell m pieces. In this in- ^uilt, only to look at and admire its 

Stance the curve of pressure evidently gracefulness of form, but not to touch," 

changed its position as the destruction of ^^^^ j^g^ ^^ ^^^^^j^ ,, ^^. l^^^ ^^^[ 

the edges went on at first touching the ^i^^^jf j ^^^^ -^^ '^^^^^ j^^^_ 

intrados, midway between B and a, but ^ver, tells a (Afferent tale, and reveals 

as these edges gave way, the point of the wonderful capabilities of the arch, 

contact was carried farther down, finally insomuch that often, where a solid 

assuming a form probably similar to the pjece of brickwork or masonry might be 

Inn \\'u J • -1 employed, relieving arches are preferred, 

M. Gauthey observed a similar pro- ^^t merely because of the saving of 

cess, when he tried the expenment with materiaF, but for the superior strength 

a bridge which was to be destroyed; it obtained. Thus the archt if constructed 

separated in falling mto four parts, the ^^^h any moderate amount of care and 

edges chipping at a, a, before the final knowledge, is a very stable structure, 

movement. M. Boistard and others (57.) ^j^s use, in consequence of 

experimented with models to discover these well-known qualities, is very 

the points of rupture, and the results general : it is, however, in bridges, 

obtained are these :— _ that the arch has been so much studied. 

In semicircular arches the points of j^ ^ bridge, by which is meant a struc 

rupture were at 30° from the springing ture spanning a river or other obstruction 

or abutment, , to intercourse between places, there are 

In oval arches, the figure being made g^ many circumstances calling for the 

of three circular arcs at 50° from the exercise of skill in arch-building, that 

^^^Jir^t"^' measured on th« smaller circle, ^old attempts have been made to try to 

With flat arches, the point of rupture their limits the strength of the materials 

was at the sprmgrng. which also occurred ^^^ the ability of workmanship ; various 

m the circular arc, the height of which materials have been successively tried 

was less than one-quarter of the span. {„ ^^^er to surpass, if possible, former 

In all cases the whole mass of the ^o^ks; and various forms adopted to in- 

^ch tended to separate into four por. crease convenience, or add new elegance, 

tions, turning on the extrados at the The materials now in general use for 

springing and crown, and opening at two building bridges are stone, brick, wood, 

intermediate points. ^ ^ and iron. There are advantages and 

Gauthey made a calculation of the disadvantages in each substance, but 

position of these important points in the gtone has the preference, for convenience 

arch, taking the span at 65i feet (20 j^ working, durability, and neatness of 

metres), and the thickness ot the arch appearance, taken together; brick is a 

at the crown 3^ feet, with a level extra- ^ost useful material, nevertheless, and 

dos or roadway* f '^ much used for bridges over canals, for 

rupture, small roads, and the numerous arches 

Semicircular arch . . 27° which are required for the passage of 

Flat arch, rise=:^ of the railways, but there are disadvantages 

span .... 45 known to the practical mail, arising from 

Do. rise = J do. . 54 the form of brick, which is unsuited for 

Circular arc of 60°, on piers voussoirs; while the inner edges meet, 

16*4 feet high . . the outer must necessarily be somewhat 



152 MECHANICS. 

apart : this deficiency is made up with must be equal to half the span, which 

mortar, which is, unless very good, an would give either an insurmountable 

unsafe substitute, requiring considerable inclination to the roadway, or require 

time before it dries; the porosity again approaches to be made of an extensire 

of brick militates strongly against its use kind. We may observe in some old 

in situations where it would be constantly bridges the great rise of the roadway, 

exposed to water. The superiority of owingto the loftiness of the semicircular 

stone, however, is limited to the form arch bearing it; Pontypryd exhibits a 

of arch where the parts are sustained by very elevated extrados (see fig. 64, last 

a mutual crushing force, as in ordinary chapter); in Blackfriars Bridge, which is 

bridges ; where a tensile force is likely nearly of a semicircular form, the rise 

to occur, stone is dangerous, from its being 43 feet for a span of 100 feet of 

brittleness and frangibility; wood and the central arch, the roadway presents 

iron then becomes invaluable, especially a gradient or rise of 1 in 15. West- 

the latter. Wood is very extensively minster Bridge formerly supported an 

used for bridges, being generally easy to equally steep roadway, but it has been 

obtain, and is readily worked; its defects, reduced to I in 24. 
in comparison with stone, are the changes The form of arch denominated flat is 

likely to be produced by alteration in either a half ellipse or a figure somewhat 

the heat and moisture of the atmosphere, resembling it, made by several arcs of 

and its endurance. Wood also is destroyed circles put together; the latter method 

by animal and vegetable agents ; but by is preferred for the greater room afforded 

preserving processes, the wood is forti- to the water current. The curves thus 

fied greatly against these destructive made up are drawn by three arcs of a 

influences. Iron is a material, the value circle, if the height of the arch is above 

of which was little known some time one-third of the span ; if less, a greater 

since, neither is it fully understood at number. Ferronet used twelve arcs to 

present : its utility in bridge building make the curve for the Neuilly Bridge, 

has been sufficiently shown of late years; the height being one-fourth of the span, 

it being highly tenacious, and capable of The bridge formed of such arches 

resisting great crushing pressure, fits it allows of a low and level roadway, 

for all kinds of bridges, and where stone at the same time requiring but few 

Would be useless. Its great liability to arches, as the span may be great. In 

oxidize or rust much injures its value, the bridge just alluded to, the height is 

although by giving it a protecting coat, 31| feet, for a span of 127 feet: had this 

such as of paint, this evil can in a great been a semicircular arch of the same 

measure be remedied ; it is also liable to span, its height would have been 60 

a great change ofbulk^ owing to variations feet, or the roadway at the crown 30 

of temperature, the expansion in length feet above its actual position. In addi- 

of a cast-iron bar, 100 feet long, being tion to these important particulars, the 

1^ inch between the freezing and boiling appearance of the low arch is elegant, 
points of water. The introduction of A great number of bridges liave been 

iron for bridge building has brought into executed of late years> in which a simple 

practice an elegant, and, at the same time, portion of a circular arc has been taken 

a most invaluable form — the suspension for the figure. Some of them appear 

bridge. In this chapter we shall de- well ; but others, on account of their 

scribe the practice of building in stone, abruptly starting from the abutments, 

with examples of good stone bridges. when these stand up high out of the 

^58.) Various forms are given to the water, are not pleasing to the eye. 

arcnes of stone bridges, elegance and a Where the springings of the arch are 

level roadway being the chief consider- below the water, a considerable portion 

ations. There are three general kinds, of the waterway is blocked up, and the 

namely, the semi-circular, the flat arch haunches become very bulky; this latter 

of an elliptical form, and arches of arcs evil has been compensated by filling 

of circles, variable in magnitude. Of the them up with light earth, or small 

first description are most of the ancient arches. On the other hand> if the 

arches ; generally they are not very springing oi abutments be raised out of 

graceful in appearance, and have the the water, and the roadway is not to be 

credit of obstructing the current to a raised, the arch must be low, or very 

considerable extent: they cannot be of flat; in that case the horizontal thrust 

very great span, because their height of the masonry is very much increased, 
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and the eroira more liable to siDk. The ance of the arch springnigs dipping in 

bridge erected orer the Dee at Chester the water at high tides has been, in 

is alaige arc of 200 feet span, and the some cases, adopted. While the general 

rise 42 feet; the great dimensiona are, body of the arch springs from beneath 

however, the principal points of interest; the surface of the water, the archjvotts, 

had the springinga been higher, which or arch.stones of the faces, form a 

would have kept them out of the floods, segment of a circle whose apringings 

the ^pearance would have been much are at a considerable height on the 

more agree^le; or still more so, had piers, Petronet, in the Neuilly Bridge, 

the curve been elliptical*. The bridge adopted this method; his dlipttcal arch 

of asiogle arch of 147'63feet span over was marked by a front arch, of aeitcular 

the Dora, near Turin (aoe Jig. 77), has arc, having a radius of 160 feet. The - 

a rise of only 18J feet, although the Gloucester Over Bridge, built by Tel. 

H>ringiDgs are in the way of floods, but ford, is an elliptical arch of 150 feet, but 

the flatness and consequent lightness of the outer faces are formed by the arc of 

the arch, with its architectural Blmpli- a circle of 220 feet radius. Fig. 67 

city, constitutes it an elegant object, exhibits this arrangement. It has been 

A French mode of saving the appear- thought by Telford that the opening is 

Fig. 67. 



thus altered "into the shape of the enough, or, if the soil be weak, the base 

entrance of a pipe," suiting the con- must be proportionally larger. The 

traded passage of the water, and thus earth under the stream on which tlie 

lessens the " flat surface opposed to the foundations for piers are laid must be 

current of the river whenever the tide well examined, not merely superficially, 

rises above the springing or middle of but for some depth, as a sound seat for 

the ellipse,"-|- Perronet also considers the masonry must be obtained; and 

that the introduction or passage of the although the superficial earth may ap- 

water Is facilitated. However, in any pear good and firm, it may continue 

form of arch, the care exercised to give only for a very small depth. On a 

free passage to the water is well spent, French railway a viaduct was built 



as many bridges have been destroyed apparentlv on a good base of clay, yet 

through n^lect of this particular. some of this being dug out to make way 

(59.) In building a bridge, after a for a layer of concrete (a mixture of 

suitable site Is determined, and the bed lime and gravel), and the pier erected 

of the river examined, both as to its thereon, it was proved by the falling in 

variation of surface, and the 9tat« of the of the viaduct at this part that the earth 

bed, the next and most important Work was insecure ; beneath the clay bed, 

in the whole structure is, loying the which was not thick, it appeared there 

foundations for the piers and abutments, was one of sand, and the cutting away 

The piers must have a foundation sufS- a portion of the bed for the concrete 

dently strong to support its own weight cornpleied its weakness. In some cases 

and that of the two half arches resting the ground is rocky, and the engineer is 

upon it; this strength may be obtained much assisted in his work \ but where 

by a small base or foundation if the movable sands or muddy beds are pre- 

eiifth on which it stands is strong sented for the foundations, great skill' 

, and labour is required to form them. 

• Hoiking (PiMtkal TrestiM), in Tht Where bridges are thrown across roadi 

Theory, FnKtkt, and ArdaUcttiTe of Bnd!;a. or other localities where they are not 

London, 1843. affected by currents of water, a layer of 

t Telford's Life and Workup. 261. concrete, wliich forms a hard and firm 
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bed, is tuffident to tnut the piera upon ; 
but in large rivers all resource* are 
requireif. Where the bed calls for 
streDgtheuing, piles of 8 or 9 inches 
square are driveo in until they are almost 
immovable after several blows of a 
ram or monkey ; these piles are placed 
3 or 4 feet apart, and extend over the 
area intended for the foundation. An- 
other method, called by the French 
ncmnemtnt, is to encompass the area 
by a series of piles, filling up between 
them vilh sheeting piles, ^o as to form an 
enclosed space, which is dug out for the 
depth of a foot, and the hole so made 
filled with concrete. Such a method is 
serviceable in a quicksand or movable 
sand bed, as the sand of itself is firm, 
and when protected by the encaissement 
and concrete from the drifting power of 
the tide, has been found to form a sufiS- 
ciently strong base for the masonry: 
unprotected, however, sand has proved 
very treasherous to the engineer. In 
the Heiham Bridge, built under Sniea- 
ton's direction, the gravel bed, owing 
to the floods, which he thought were 
properly provided for', was removed from 
under the foundation of a pier, and the 



bridge fell down. A fine bridge at Ply- 
mouth, over the Lary, was found to be 
in imminent danger in consequence of 
the driftin? away of the sandy bottom 
upon which the piers stood; and it be- 
came necessary to protect the bed with 
a layer of clay, and an overlayer of 
stone, for a distance of 60 or 70 feet on 
each aide of the bridge (aee^. Se, D, 
E). 

When the piles are thus driven in, 
the tops are cut off level, and the earth 
between them excavated for the depth 
of a foot, to admit a layer of broken 
stones, with lime and sand; upon the 
levelled pile heads a platform of oak, 
beech, or elm planking is laid, followed 
by a second laid across, and the whole 
strongly jointed; on this stage the ma- 
sonry is commenced. 

The following figures show the founda- 
tions of a pier of Lary Bridge, near 
Plymouih, which was set on a sandy 
bed; a layer of clay was placed on 
the sand between the piles A, A {_figi. 68, 
69), and above that a bed of rough 
stones a, a, and a series of sheeting 
piles B, B, inclosing the areai the tops 
of the piles being cut level, a caisson 



was Used to deposit the masonry, and in sectii 

the flooiing which it lefr for the courses of plan 

is seen at 6*. the lower planking imme- fig. 69). Directly upon this the masonry 

diaUly on the pile heads being 4 inches C of the pier was Uid : F {fig. 68), shows 

thick; above this were five beams pass- the waterline. and D, E, njatk the clay 

log lon^tudinally, 12 inches by 8 inches, andstone work which was laid, in order to 



thick (see 
n this the i 
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counteract the action of the water. The piles, and bolts tied them iu; braces b b, 

principal piles A A were 35 feet long, abutting on longitudinal beams c e, 

the depth of sand being very great ; the 

sand was eicaToted by a laree spoon -^'g- 70. 

for a depth of 3 feet between the piles, 

for the clay and rougli stonework. A A a a 

considerable portion of the work was 

done by the protection of a diTJag-bell 

in an admirable manner*. 

To give additional strength where 
there was any doubt, inverted arches 
have been used, spanning from pier to 
pier, which were laid on a course of 
planking; this plan was adopted by 
Telford, who also, for a base, laid 
courses of rough large stones on their 
edges extending along the whole length 
of the bridge, and forming a thick pave- 

(60.) Much of the foundations is Bictioii. 

sometimes done under the water, and, 
notwithstanding the apparent difficulty 
of thus working in the dark, excellent 
foundations have been laid for various 
works under water, the stones being let 
down and the spot noted or found by 
probing with a rod. An old method of 
laying the foundations was by the use of 

a ralier, bearing a quantity of masonry, pun. 

which was floated to the proper place 

and then sunk ; this was modified into supported the piling in the interior 

the caisson, a lai^e chest capable of space. The line H. W. M. denotes high- 

suppoiting many tons of stone-work, water mark. 

" ' ir Bridge was thus built up (61.) The piers thus commenced 

er level. Sometimes, where should have their foundations of a larger 

istances permitted, a new area than the body of the pierj the best 

channel has been cut out for the river, arrangement of a pier is a broad base 

in which the foundation could be easily with a superstructure diminishing in a 

^aid. The most expensive and difficult, curved line to the springing of the arch. 

though necessary, method of proceeding, It is recommended that an ofiet or 

is the construction of cofier-dams. projection of 6 inches for each course 

These are formed by a double row, at beyond that above it should be given 

least, of piles, reaching above the water for the first 4 feet in height, and in the 

line, between which a puddle or filling, first and second courses the stones are 

in of earth is closely packed; the water generally larger than in the overlayers ; 

in the space inclosed is then pumped the piers are solid throughout, the 

out by a steam engine, and the opera- blocks of stone being secured by cramps, 

tions can be carried on under this cement, Sic, and the ends provided with 

shelter, Fig. 70 exhibits a section and angular projections for cutwaters j these 

plan of part of the coffer-dam used in necessary guards to the piers, to prevent 

building the London Bridge; three rows any destructive effect from the concus- 

of piles AAA, about 50 feet long, sion of floating masses, as ice, and large 

and shod with iron,- were driven into vessels, are generally formed by a por. 

the bed of the river, and firmly bolted tion of a circular arc. Smeaton recom- 

ti^ether, and the space between B B, mends two arcs of 60° each, as best 

filled or puddled with clay; struts a a, suited to divide the current; some have 

were introduced between the rows of recommended triangular and semicircular 
forms. In Telford's bridges the triangular 
form is principally used. The piers of 

* Tran«ctionB of the Instilntion ot Citii bridges are, on an average, from one- 

Eagineer*, vol. i. p, 100. eighth to one-seventh of the span of the 
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arch in thickness; those of the Nemffy figure represents an abutment of a 

Bridge are one-ninth only ; the piers of bridge over the river Ribble (Lancashire). 

Waterloo and London Bridges under 

one-sixth of the span, and Westminster ^^* 7L 

and BlackfHars Bridges reach so great a 

thickness as one-fourth of the span. 

(62.) Great care is bestowed on the 
terminal sapports of bridges, or the 
abutments. The massiveness of the piers 
has been less considered, because they 
have been supposed to transfer the 
thrust, and not sustain it, whereas the 
abutments have no similar horizontal 
support; they are therefore made of 

great weighty and, generally, in the best The arches are elliptical and of 120 feet 

specimens of these structures, arranged span, with about S2 feet rise. The arch 

with a view to convert the horizontal proper suddenly turns, as usual in these 

into a vertical thrust, or to transfer arches, at A, or where the tangent to 

much of the pressure to the base of the the curve is about 60® inclined to the 

abutment, where means are provided for horiaonj here the internal arch B begins, 

sustaining it. carrying the thrust from this point to C, 

Where the abutment of the terminal or the foundation, which lies on a rocky 
arches of a bridge is on solid rock, little bed : a great deal depends on the set- 
trouble is necessary; but, as is generally tling of the masonry; hot if the settle- 
the case, stiould the site present a loose ment happened to be less in this addi- 
and compressible bed for the masonry, tional arch than the other portion of the 
piling and platforms must be used. The abutments, a great pressure would be 
material of the abutments is generally exerted on the small base which C pre- 
masonry or brickwork, and they are of seats : in this instance, if the settlement 
such a weight as to require no aid from be equal, the pressure will be divided 
the earth behind them. between the segment fi and the front 

The thrust sustained by the abut- part D of the abutment. In some 

ments varies much with the form of the bridges the arch abuts on masonry with 

arch ; thus semicircular arches give less a face inclined similar to the arch-stone 

horizontal pressure than elliptical or flat meeting it, and the feces continually 

arches, and these again less than those approach to the horizontal towards the 

formed of a small segment of a circle ; a foundations : this is the case with London 

great portion of the vertical pressure Bridge. This complete and instructive 

arises from the filling in of the spandrels bridge presents a very general example 

or space between the haunches of an of bridge- work ; one of the abutments is 

arch and the roadway. This weight can shown in the following figtn-e. The 

act serviceably only in assisting the elliptical arch A is met at B by the 

abutment against a sliding motion masonry of the abutment ; the courses 

through the thrust of the arch ; other •> are gradually inclined and extended^ so 

wise it acts injuriously in overloading the that at the base C D the face is but a 

foundations, and is not compensated few degrees inclined to the horizon ; the 

by the former effect, for the courses of last course lying on a platform of 

stones are frequently laid in a radiating carpentry^ which finally rests on the 

direction, whicn is highly beneficial. In levelled heads of the pUes ; the space 

an elliptical arch the direction of the between them is strei^hened to a little 

greatest thrust is when the tangent to depth by made ground^ and they are not 

the curve of the arch is about 60^ to drrven rertically^ btft somewhat inclined^ 

the horizon; it is at this point that the so as to be perpendictdar to the face of 

curve turns most rapidly, so that the the lowest course; this gives them 

abutments are recommended to start much greater effect; behind this mass 

from this point, the surfaces or faces of of solid masonry is an overlaying bed of 

the abutment stones being kept at right concrete £, against which the common 

ungles to this tangent line, down to the earth was thrown up. This enormous 

platform or base. In many cases the mass of stoiie-work is, as seen in the 

courses of the arch-stones are carried following figure, at the lowest course, 73 

oh through the abutment; the following feet from the large pile C at the foot of 
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the BTch to llie opposite extremity D; gresEeT pact of the abutment is below 

some of the iaterior ragteniiiga of atone the level of high water, which is shown 

to atone are aliown, tlie shaded parts by the line U. W. M.; ttiii is 3^feet 

rUDDing up (com the foundations. Tbe above tite foundation*. 



Many bridges have been built where tioos, would have been more in accord- 
the abutment courses are thus radiating; ance with mechanical principles. 
tbe great Chester Bridge presents a It would appear, from observing the 
■imilar order ; except that there is but a most recent practice in bridge building, 
small approach to the horizontal in the that far greater massiveness is given to 
lower courses, in comparison with the the substance of archea and their sup. 
section of the London Bridge abutment; ports than is required. Some engineers, 
bacliing those inclined courses ia a amali considering that each arch should stand 
arch, under and beyond which the of itself, have given but a moderate 
courses are laid horizontally ; the abut- maas of abutment, and large piers, in 
ments of this bridge had the advantage, comparison with others, who have 
for the most part, of a rocky bed. In a allowed small piers, and supposed that 
great number of cases, however, a com- there must consequently be an accumu- 
mon horizootally laid mass of materials lation of pressure for the abutment to 
ia supplied to the arch ; this method bear. Some very old bridges are quite 
allows of all the chances of fracture be- monsters in this respect; appearing to 
tween the courses of stone to a great be all support with very little to be 
extent, as, when the arch abuts in a supported; a river would sometimes be 
direction near to the horizontal, a very nearly dammed up with stonework in- 
small portion of the thrust tends to tended to bear the weight of a number 
press the courses together, — it is exerted of arches, varying in size from one grand 
m tearing them asunder, because no arch (probably 70 feet span, as in Old 
T^aid is paid to the extent of the angle London Bridge), to openii^ which 
of resistance. The bridge of St. Maxence appear like the vents of a sewer. The 
presents an example of this form ; the advance made of late has been very 
arches of this bridge being small seg- great in thia respect, but the call for 
Dtents of a circle, and springing from quick and cheap, yet strong work, which 
the abutments at an angle of about 20" tnere has been through the extension of 
only, appear almost to be huge lintels, railways, shows that much more may be 
and with a mass of stonework spanning done with msteriala than architects have 
76 feet 8 inches, exert an enormous thrust hitherto supposed. The foundations of 
nearly horizontal ; to meet this there is some railway bridges are, in comparison 
a quantity of masonry, extending about with former practice, exceedingly slight, 
64 feet inland from the springing of the yet they support the railway under the 
arch, 34^ teet hi^h, and 40 feet wide, pressure of enormous weights, — weights 
independently of the indirect assistance dso moving with high velocities, and 
of the side works. All thia masonry is producing a. destructive vibration. A 
laid in horizontal courses ; less material, fine arch carrying the Great Western 
disjHMed so as to make the transition Railway over the Thames at Maiden- 
form a direction nearly vertical to the head, reaching over a space of 128 feet, 
horizontal, and giving a spreading base rests on benches lying simply on the 
to distribute the pressure on the fouoda- chalk stratum. In some triages, the 
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abutments are smaller than usual, and the pier directly, producing a great and 
couDterfbrts or buitresseit ate placed unnecessary pressure for the foundations 
agaiiKt the back part of the abutment to to support. It would appear that the 
strengthen the support. In the Cheater linking of a pier of Westminster Bridge 
arch the principal part of the abutment occurred partly through the pressure of 
extends about 40 feet innards from the the rubble fiUing-ln of the spandrel. Cy. 
Bpriii)cing; more masonry is added, but lindrical openings have been adopted to 
it is lightened by the introduction of a relieve ttje nciglit, which was Smealon's 
small arch, 20 feet wide and S5 feet method ; but Mr. Telford introduced 
high. Where the foundation is very the system of longitudinal wal\i, which 
solid, little or no masonry except a con- he practised in Tongueland and othei 
tinuation of the arch is required; in an bridges ; lie filled up the space for some 
ancient bridge which stretched across distance with close rubble, and upon it 
the river Adda, at Treizo, Milan, the erected walls of from IB inches to 3 feet 
arch-courses abut on the rocky banks of thick, and 2 or 3 feel apart ; they were 
the riveri this was not a small arch, for steadied or tied together by laying long 
it appears to have been an arc of about stones from one to another, the outer 
140°, having a rise of nearly B8 feet, and or Tisible walls being thicker than the 
the enormous span of 251 feeL rest,' long stones rest upon the spandrel 
(63.) When the centres are erected, walls and support the roadway. Fig. 73 
the laying of the arching courses begins is a section of Wellesley Bridge, Li- 
on each aide simultaneously ; the tirst merick, taken very near tbe springing, 
row or course of stones laid on the piers the line of which is seen at A B, B C: 
is the tpringing course, the upper 

face being cut in the direction of the Fig. 79. 

radius of the arch, to form a properly 
inclined bed for the regular wedges of 
the arch. Sometimes an attachment is 
made between the springing and the 
next superior course, as in the Dora 
Bridge. The upper courses are laid 
either directly with mortar spread e»eoly 
over the faces, or, where particular care 
taken, lead t ' ' 



inserted to keep the proper form or give 
an even bed for each stone; these, its 
well as other peculiar circumstances, 
will be illustrated in a few subsequent 
descriptions of bridges, which are always 
highly instructive: in some cases the 

u^h-stones have been laid dryi and being one of the piers; tbe section of. 
being then accurately placed, the joints stones D is iherelore part of the arch, . 
have been filled with mortar after all and they form a curved instead- of a. 
the courses were laid. Great care is straight line, because the arches in this 
taken in giving tbe arch-stones the bridge are of the complex form men- 
proper inclination, so as to form wedges tloned at page 153. Immediately over 
fitting each other closely i the external these stones is seen the upper part of a 
or facing stones being generally cut so filllng-ln of rubble, which extends from- 
as to meet the horizontal masonry be- the pier at the line of Bpringing to a 
tween the haunches (or the spandrel) height of 12i feet ; there is therefore a 
neatly; sometimes the radiating order Is partially solid spandrel, but above this 
carried up to the cornice or upper part height the courses cease : the walls 
of the bridge, but the appearance is not E are carried up at a distance of 6 feet 



arly so proper for such a structure, from each other, and are 18 inches 

especially where large arcs are used, thick, and 6 feet 6 inches high ; these 

giving a great depth of the spandrel : also are built of undressed or rubble 

this is shown in Westminster Bridge; stone, but the outer wall F is of dressed 

the spandrel or apace between the pier stone and 2 feel thick; above these' 

and roadway Is sometimes filled up wiih walls flag-stones G G are laid, upon 

rubble or rubbish, which presses upon which the materials for the road H andi 

the back or extrados of tlie arch and. the foot-path 1 rest; K and L are, re-i 
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spectively, the cornice and parapet of before a committee concerning the sub- 
the bridge. This bridge was built by ject, to be more than requisite by a foot 
Mr. Alexander Nimmo, a pupil of or more; and in tiie central arcli the 
Telford. thickness actually given is less than the 
(64.) With respect to the size of the smaller limit given bv the above witness, 
arch-stones requisite in any particular The evil arising from this excessive 
case, little can be said to guide any en- strength is not merely the expense of 
gineer in his undertaking: in all cases useless material and building, and the 
former practice is alluded to as a rule, but greater time necessary to erect the 
generally there appears to be a much bridge, but the injurious effect produced 
greater depth of the arch-stones than is on the foundations of the structure, 
requisite, if judgment be given by the The principal, and certainly a powerful 
known strength of the materials, and reason offered for it is, the impossibility 
the weight they are likely to bear. Cal- of fairly bringing the whole face of the 
culations tedious to detail, but the stones into contact with each other, be- 
results of which may be stated, point cause of bad workmanship : in some 
this out most strongly. It has been cases this is notorious ; it was found, on 
estimated* that in the bridge of Neuilly repairing Westminster and Blackfriars 
the horizontal pressure against the key- Bridges, that, in various places, even in 
stone, arising from the weight of the the external masonry, chips of stone and 
arch, fiUing-in, pavement, and possible wood, and pieces of slate, had been 
loadof carriages and passengers, amounts packed in at the joints, which gaped \ 
to 408,013*8 lbs.; now the masonry of through careless working. If the mason's . 
the bridge is of Saillancourt stone, of labour can be trusted, or is closely ; 
which Rondelet states a cubic piece looked after, much improvement might 
1*968 inches in measure, requires a be effected in this particular ; thus it is 
pressure of 7719 lbs. to crush it. Then, that a collection of the practice of dif- 
as the arch-stones at the crown are ferent engineers exhibits a considerable 
5*328 feet deep, the force required to difference in the substance given to 
crush them is 5,017)467 lbs., or about arches. The following table shows the 
twelve times as much as it is probable proportions of the thickness of the arch- 
it will ever be called on to sustain, stones at the key to the span and rise 
This is not a singular instance ; nearly of the arches ; the materials of construe- 
all bridges might similarly be shown to tion at the key are named, although 
be unnecessarily massive in this as in they .vary very much in their strength, 
other respects ; Blackfriars Bridge was ' as some limestone and sandstone ap- 
proposed by Mr. Mylne to have arch- proaches the strength of granite, while 
stones 6 feet deep at the key; this was others are not much stronger than good 
pronounced by Mr. Simpson, examined brick. 

Span. Rise. Material. 

Neuilly (127 feet span), elliptical • . • . 24*5 4*7 Sandstone. 

Tongueland (118 feet) 32*7 105 Do. 

Victoria (160 feet), Durham Railway . . . 34*7 15*6 Do. 

Hutcheson (70 feet), Glasgow ..... 20*0 3*9 Do. 

Gloucester Over (150 feet), elliptical . . . 33*3 7'7 Do. 

Chester (200 feet, sandstone below) . . . 50*0 10*5 Limestone. 

Westminster (76 feet) 15*2 7*6 Do. (Portland). 

Blackfriars (100 feet) 200 8*0 Do. do. 

Pontyprjd( 140 feet), Glamorganshire . . 466 11*6 

London (152 feet), elliptical 32*0 7*9 Granite. 

Over the Dora, near Turin (147 feet) . . . 30-0 7'9 Do. 

Waterloo (120 feet), elliptical 24*0 60 Do. 

Toulouse (112 feet) 42-5 15*7 Brick. 

Over the Lea Cut, Eastern Counties' Railway 

(87 feet) 23*2 4*2 Do. 

At Maidenhead, Great Western Railway 

(128 feet) . '. 24*5 4*7 Do. 

It appears, from these few examples, . builders widely differs ; the granite 
that the practice of different bridge structureshaveabout|the same proportion 

* Gautbey, Traite de la Construction des Ponta, vol i. p. 195. (1843.) 
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as those of sandstone or even brick : in- structure had lasted above 700 years ; 

deed, the latter contrast strongly with and in the last century it became a 

the rest, when the quality of the sub- matter of serious debate ; the repairing 

stances is considered. By a comparison of the bridge cost about four thousand 

of the average qualities of these mate- pounds a-year, and the stopping of traffic 

rials, we find that if granite be called in consequence of the watertall up or 

100, the comparative strength of lime- down stream, as the tide happened to 

stone is 57*2, or rather more than one- be, by reason of the damming up of the 

half; of sandstone, 44*4 ; of brick, 6*5, river, in addition to the loss of life and 

or one-fifteenth the strength of granite ; boats from the same source, made it 

and mortar about 5*0, or one-twentieth, necessary to improve this bridge. After 

If the Neuilly and Maidenhead Bridges some ineffectual attempts to keep up the 

be compared, we find the proportion of old building, in 1800, on a Parliamentary 

thickness to the span and height are inquiry concerning the improvement of 

the same ; they are both, moreover, of the Port of London, a number of plans 

the same actual span, but the former is were produced for a new bridge. A 

of a very strong sandstone, and the noble iron bridge was proposed by 

latter of brick, or rather of the mortar Messrs. Telford and Douglas, to be 600 

which separates the bricks, and gives feet in span ; but the opinions expressed 

the curve to the arch ; so that if com- by men referred to on the subject dif- 

parative figures, given above, be taken, fered amazingly, some from inability to 

the strength of the Neuilly Bridge is handle the subject, others for personal 

' nearly nine times that of the Maiden- reasons, and the better class for different 

head Bridge, although the latter has theoretical views. Finally, in 1823, an 

been proved to be sufficiently strong ; act was passed for the building of a new 

this result contrasts favourably with the bridge, a plan of Mr, John Renuie's 

calculation at page 159, respecting the being specified, which allowed five granite 

Neuilly structure, by which it appeared arches, the middle being 152 feet, the 

that it was twelve times stronger than two side arches 140 feet, and the land 

could be required. An old bridge at Tou- or extreme arches 130 feet span. The 

louse far surpasses that at ^£udenhead original purpose, to erect the new on 

for thinness at the crown, being but one the site of the old bridge, was abandoned, 

forty-second of the span. Waterloo and a new spot chosen, a little farther 

Bridge, somewhat less in span than the up the river, saving the steep approach 

brick arch we are comparing, is a little of Fish-street Hill : much of the money, 

thicker at the crown, although of a very however, was spent in making the 

strong material. Pont y pr;^d, built by a approaches, the whole expense being 

genius, though an unscientific man, about 1,426,045/., of which the bridge 

is surprisingly bold ; though of great itself, by contract, cost 425,082/. The 

span, its thickness at the crown is but contractors began the work on the 4th 

about one forty-seventh of the span, of March, 1824, by an examination of 

Chester Bridge, however, surpasses the bed of the river with a diving bell; 
them all : the actual depth in this — the • the first pile for a coffer-dam was 

largest stone arch existing, — is but 4 feet, driven on the 15th of the same month; 

•—while London Bridge is about 5 feet; the first dam completed on the 1st 

the Dora, rather more; and Waterloo of April, 1825^ and the water was 

greater than either. pumped out- by a steam-engine, the 

(65.) The great number of large and river at the place being 29 feet deep ; 

beautiful stone bridges which have been the excavations for the foundations were 

erected in modern times, and stand as then commenced, and when the stiff 

monuments of industry and science, blue clay, which forms the bed of the 

prevents a description of all, but the river, was reached, piles were driven 

following details present striking exam- about 20 feet into the clay; two rows 

pies of bridge building : — of sleepers, about 12 inches square, were 

I. LoNDOK BaiDGB. — The present laid horizontally on the heads of the 

bridge particularised by this name is as piles, and above them a beech planking 

remarkable for its elegance and the size six incites thick, on which the masonry 

of the arches, as the old bridge was for was laid. After the ceremony of laying 

its ugliness and the smallness of its the foundation-stone, the works rapidly 

arches, some of which appeared as mere proceeded ; by the end of the year the 

perforations through a wall. The old south abutment and two piers were 
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much sdTanc«d, and ia 1836 the centei- part of th« centre arch, were carried up ; 
iDg was b^un, B description of whicli is also four piers and the Dorth abutment 
giveu at page 138. During tins time, foundation vere very forward : the work 
the water.way being obstructed, it be- so rapidly advanced, that on the 10th of 
came necessary to throw two of the November, 1828, the last arch was 
arches of the old bridge into one, and keyed ; from that time until the open- 
to remove a pier; the traffic was not ing, the cornice, paving, parapets, and 
arrested by these alleratiouB, and tiley lamps were fixed, and the expensive 
were effected in six weeks. By the 4th approaches, afler much delay in discus- 
of August, 1827, the first arch was sion, completed; Gnally, on the 1st of 
completed, the masonry, on the striking August, 1831, the ceremony of opening 
of the centre, sinking ottly 1^ inch; and, the new bridge took place, or seven 
at the close of the year, two archee, and years, four months, and twenty-seven 




days after the commencement of the considered large, although they do not 
works. appear heavy. There are, allMether, 

The lowest depth of the foundations 2W2 piles under the fMers and abut- 
[* 29 feet 6 inches below low-water ments; the starlings B {fg. 74) are 
mark; thence the pien weie carried up. nearly of a circular form, their up^er 
The spandrels A were not filled up surface being of a curve, agreeable with 
•olid with rubble, — longitudinal walls the waving line of the water. To pre- 
test on the haunches of the arches, vent the injurious action of the watei 
Tlie piers on which tlie centre arch from the roadway, a pipe C (jig. 75) is 
carried from the road tlirough the piers, 
Fig. 75. and opens below the springings. The 

abutments are of solid masonry, 73 feet 
thick at the base (see fig. 73, anU), and 
rest on slanting piles ; they are backed 
by rubble. 

The arches, five in number, are of an 
elliptical form, which gives much light- 
ness in the appearance of the piers, the 
centre being 152 feet 6 inches span, and 
37 feet 10 inches rise from the line of 
springing, or 29 feet 6 inches in height 
from high.water mark to the soffit, the 
contingent arches, 140 feet span, and 
32 feet 6 inches riset the remaining two, 
leaning on the abutments, 130 feel span 
and 30 feet 6 inches rise from their 
springingsi the key-stone of the large 
sicTTOH or * riiiu arch is 5 feet ^ inch deep, and I foot 

ej inches ^ick; at the springings 10 
rests are 24 feet thick at the springing, feet ^ inch deep, and 1 foot 1 0^ inches 
but increase to 38 feet in thickness at the thick. The spandrels, according to 
lowest course : those next (o the abut- Telford's improved method, are not 
taeat are 22 feet thick, the former being solid, but the roadway is supported on 
rather leu, and the latter about one- walls (see page 158) by flags, on which 
»ith of the ipan, which b at this time is laid a stratum of puddle, followed by 
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another of gravel, and upon that the munication between Wales and the 

paving. The parapets, which are very north and central counties of England, 

plain, and close, are 4 feet I inch high ; An old bridge, of seven arches, in sand- 

the roadway, by reason of the flat arches, stone, supported on large abutments, 

has the small rise only of 1 in 132. existed, but it was found to be very 

The height of the bridge from low inconvenient, ' notwithstanding various 
water is 60 feet, and the length between improvements : it was built in the year 
the wing- walls 1005 feet, allowing a 1280; and, for that time, it was doubt- 
clear water-way of 690 feet : its total less more than sufficient. In 1825 an 
width is 56 feet, being 6 feet greater act was obtained to build a bridge, 
than was intended ; this alteration was which had been proposed about twenty- 
made after the coffer-dam for the first five years since by Mr. Harrison of 
pier was completed, which, with another Chester ; and the works commenced ia 
enlargement of 2 feet in the height of 1827. The bridge is founded upon the 
the abutment arches, cost 42,000/.; this rock, in which is the valley of the river, 
width is distributed between the foot- but which rises rapidly on the city side ; 
paths, which are 9 feet from parapet to the foundations of the abutments are 
curb, and the carriage-way — 35 feet consequently simple, except that in 
wide. The approaches are by land working at the north or city abutment 
arches, extending over Thames Street it was found that a dislocation of the 
on the north, and Tooley Street on the strata had occurred, where the farther 
south side ; they are elliptical also, and end of the abutment would insist, form- 
of brick, the former being 38 feeCspan. ing a dyke filled with soft material, so 
The granite for the bridge was selected that piling was indispensable, and even 
firom Aberdeen, Heytor, and Penrhyn, the piles sank 5 or 6 feet at each 
and the total weight used was 120,000 blow, for a considerable portion of their 
tons. length. Th^ were driven at a distance 

This bridge is considered as un- of about 3 feet one from another, the 

equalled in size and appearance ; the earth between them being dug out for a 

arches are very beautiful in figure, and foot in depth to make way for rubble 

the plainness of the facing, which should stones, the interstices of which were 

•always be observed in such structures, filled with mortar, and the whole 

gives an idea of grandeur and strength, rammed down. It was also adjudged 

The span of the centre arch is great, advisable, from this occurrence, to com* 

but has been exceeded ; it is very flat, mence the arch a foot lower than it 

the height being but 0*25, or one-fourth was purposed, in order that the body of 

of the span: it is, however, surpassed the thrust might meet the rock. On 

by many others of an elliptical or seg- these piles a floor of stone was laid, and 

mental form; thus the elliptical arch of the abutment carried up of large dressed 

Wellington Bridge, at Leeds, 100 feet courses. According to the specification, 

span, has a rise of 0*15, or a little more the foundation of the abutment on the 

than one-seventh ; Gloucester Over north side was to be sunk 21 feet below 

Bridge, vrithin 2^ feet of the same the springing of the arch, and that on 

span, three- thirteenths ; the bridge of the south side 16 feet 4 inches below 

the Holy Trinity, at Florence, 95^ feet the same level. The courses are not 

span, under one-seventh ; and the rise horizontal, but were laid with an inclina- 

of the Dora Bridge, a circular segment, tion nearly as great as the first course 

is but one-eighth of the span. The of the arch, for a distance backward of 

bridge, however, is not only both a above 40 feet, whence they are carried 

great ornament to the river, and one of on horizontally; at this point there is a 

the most perfect specimens of bridge relieving arch A, of about 36 feet high 

architecture, but it has plainly shown and 20 feet wide. The inclined courses 

how much more may be done with in the abutments must be considered as 

materials than has hitherto been at- taking the thrust of the arch, 

tempted. • The centering upon which the arch 

II. Chester New Bridge. — This was carried up was quite peculiar, and 

bridge, although not the largest in span acknowledged to be the invention of the 

which has ever been erected, is the great- contractor, Mr. Trubshaw. It consisted 

est of stone-built arches now standing, of six trusses, each of which was formed 

It connects the banks of the river Dee, of timbers, resting, on one end, in cast- 

across which lies a main road of com- iron shoe-plates on piers of stone, and 
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flfpreadbg upwards to the intended line the whole span of the arch ; three hori- 
of the arch, like a fan; there were three zontal beams, 13 inches deep, tied the 
piers thus bearing fans, which extended fans together between the piers and 

Fig. 76. 
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their upper ends, which were bound by chine, now so much used in building, 
4-inch planking, bent round so as to consisting of a carriage, to which the 
describe the curve of the arch : at this stones were suspended, and which was 
part advantage was taken to place the movable on a railway laid on a frame 
wedges for striking the centre when the . of timber, from 45 to 50 feet long, 
arch should be completed, and above stretching from one side of the bridge to 
them was placed the covering or plank- the other ; this frame also had wheels, 
ing for laying the arch-stones; iron bolts resting on a railway fixed to another 
connected each rib near the upper part, frame, extending from one end of the 
This centre is very simple and effective; bridge to another; thus, a stone sus- 
the failings which occur to centres, as pended from the upper carriage could 
mentioned in page 137, do not apply be borne to any required spot within 
here ; indeed, hsdf the arch is said to the area or compass of the lower frame, 
have been built up before the centre There were two cross frames on the 
was quite finished ; on the other hand, longitudinal railway, one for each side 
the obstruction to the waterway must of the arch, so that the work rapidly 
be considered, if comparison be made proceeded. The first course of arch- 
*with those centres which have allowed stones laid on the springers was 6 feet 
free navigation. When the springing in depth, which was gradually reduced 
course was laid, a wedge of lead, l| until at the key the stones were 4 feei 
inch thick, and tapering to an edge at deep. The spandrels were not filled up, 
the back, was placed between the according to the old practice, with 
springers and the first course of arch« rubble, but walled, the tops of the 
stones. This was intended to prevent walls being joined by a pointed arch ; 
any change of form in the arch when and then another tier of smaller arches 
the centre should be removed ; and strips above them, on which finally rested 
of sheet lead, 8 or 9 inches wide, were flagstones to carry the materials for the 
put in the joints up to that part where roadway, consisting of rubbish, rubble 
the line of pressure was considered to stones, and gravel. The masonry of 
pass from the front part to the back of this bridge is of a mixed character; the 
the arch-stones ; this was taken to reach facing or visible parts of the abutments 
over two-thirds of the soffit. When towards the river, up as high as the 
the centre was loosed, it is reported that spring of the arch, and the two courses 
the opening of the joints did not occur, of arch-stones immediately above the 
and the pressure seemed to be spread springers, are of granite; the key-stone, 
evenly over the bed of the stones ; and course on each side of it, are lime- 
neither is cracking perceptible in any stone, of the variety called Anglesea 
part of the arch. The key-stones were marble ; the remainder, including the 
sin^ilarly treated, thin strips of lead abutments, the other arching courses, 
being hung down on the stones between wing- walls, and other parts, are of new 
which they were to be driven; the red sandstone, which is found abund- 
-stone was covered with a putty of white antly in the county. The width of 
lead and oil, and driven in by a small the bridge within the parapets is 33 feet^ 

{>ile engine. When the centre was and its length about 340 feet, the span 

owered, and the arch allowed to settle, being 200, and the rise 42 feet; thus it 

it sunk 2| inches only. The arch- is a portion of a circular arc having a 

stones were laid by the traversing ma- radius of 140 feet. The parapets jure 

M 2 
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4 feet high, and 15 inches thick. The architectural point of view, present an 
whole cost of the structure was 49,900/., unrelieved and bare mass of materials; 
of which 7500/. were laid out on the yet it is proper that the beholder should 
approaches. feel impressed with an idea of its bold- 
This bridge stands unrivalled amongst ness and strength; also house ornaments 
stone arches for its span ; owing to the and other architectural fineries, suitable 
individual magnitude of this one arch it enough where prettiness only is required, 
has many points of interest, and, as a should be prohibited. A large arch is 
building considered in reference to essentially a sublime object, particularly 
others, it has several defects. It is in situations where bridges are generally 
instructive to observe the span, rise, placed; and a leading characteristic of a 
depth of key-stone, and the material sublime object is plainness, with bold 
which was chosen ; the rise is but a and striking points, 
fraction above one-fifth of the span, and III. Bridge over the Dora Riparia, 
with so large a span, must produce an near Turin*, — This noble bridge, carry- 
enormous crushing pressure upon the ing the main road from France, called 
keying course ; this, however, is of the road of Italy, which crosses the 
limestone, and but 4 feet in depth, or Alps, is of one large arch of 147 feet 
one-fiftieth of the span ; it is of less . 7^ inches span, spanning a river gene- 
actual size than the granite key-stones rally shallow, but subject to heavy 
of London Bridge, and the bridge over floods, which, as the bed is considerably 
the Dora, both of large span, but not inclined, rush along rapidly. It was 
above three-fourths the size of the constructed with a remarkable attention 
Chester arch. The bridge is eminently to scientific principles, and, certainly, 
light as respects the actual quantity the result has fully repaid the great 
and kind of masonry in it ; some labour expended. As the road at the 
say its appearance, when viewed from entrance to the town meets the direc- 
the old bridge, which is a little further tion of the stream obliquely, it was 
up the river, is grand ; this must necessary to construct an oblique arch, 
arise from the mere extent of the or make a new road through the 
curve, and the great height of the road- suburbs ; the former kind of arch the 
way — sufficient to allow of vessels engineer (Chevalier Mosca) considered 
sailing under it. It is a fine-looking too much of an experiment with so 
structure, with a somewhat graceful large a span, and if piers and two or 
appearance, which is much increased by three arches were used, it might prove 
the white archivolt or facing arch-stones, dangerous in such a stream as the 
contrasting with the duU red sandstone Dora ; the latter proceeding, therefore, 
of the other parts ; the haunches or was adopted. 

outer spandrels present a great surface In proceeding with the erection of 
to the eye, and its face does not the bridge, dams were constructed each . 
accord with the ornamental facings of side of the river, and drained by a tem- 
the abutments, which are fanciful and porarily-made channel, and the soil ex- 
paltry. It was at first intended to erect cavated nearly 6f feet below low-water 
large Doric columns, with a correspond- mark. Oak piles, 12 inches thick, from 
ing entablature ; this, however, was re- 30 to 40 feet long, protected by an iron 
linquished for the present niche, and shoe, were then driven from 3 to 4 feet 
panel above it, which is certainly but apart, at the finish the heads being cut 
little improvement. If, as has been re- off level, to form an even surface for 
marked by Mr. Hosking (page 45, trea- oak beams, 12 inches by 10 in scantling, 
tise before mentioned), the springings of which were laid transversely and longi* 
the arch had been raised up higher out tudinally, and spiked to the piles, the 
of the reach of floods, and the arch rectangular spaces between them beins 
either flatter, or of an elliptical form, it filled with broken stone and a liquid 
would relieve the dead haunches, and cement of lime and ceroso (pounded 
offer a more graceful curve to the eye: tile). Upon this bed the foundations of 
the very flat circular curve in the bridge the abutments were laid ; they were 
over the Dora (see^., page 166), or in made up of granite blocks 21 inches 
the ellipse in the beautiful bridge over 
the Aruo at Florence, with its plain 

and consistent abutment facing, are in- • Transactions of the Institution of Civil 

stances. A bridge should not, in an Engineers, vol. i. 
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thick ? thre6 courses, each 2 feet deep, and so on m a decreasing progression, 
succeeded, allowing offsets of one foot ; till they became parallel ; and, towards 
five more courses, with a level facing, the crown, the cUvergence to be in the 
followed these, bringing up the abut- direction of the extrados. 
ments to the line of springing. This When the laying of the arch-stones 
part of the work was then allowed to was about to commence, two small 
rest and settle for a whole season, bridges were erected at each side of the 
during which time the figure of the centering; on these the stones were 
arch-stones, the centering, and other carried by means of upright timbers 
particulars, were laid out. An admirable with tackle, — a method inferior in neat- 
plan was adopted in these proceedings, ness and handiness to the system of 
A platform of 5000 square feet was laid latitudinal and longitudinal railway car* 
down, and having a plane surface, the riage as used at Chester : the work, 
curve for the arch was drawn ; this, however, proceeded quickly, as the 
being a portion of a circular arc, might stone wedges, which were about 5 tons 
have been properly done with a centre; weight each, and 651 in number, making 
but in the present case it was more a total weight of 3250 tons, were set up 
scientifically effected, by dividing the in seventy-five days. The springing 
chord-line into a number of equal parts, courses, which were from 15 to 18 tons 
and calculating for the purpose the in weight, were bound together; and 
length of the ordinates or lines erected succeeding courses were cut so as to 
at right angles to the chord, and reach- form the proper angles for the external 
ing up to the curve. Another curve and internal curves, as this bridge was 
was afso drawn for the centering, the built with two curves, after the complex 
height given to it being somewhat greater arrangement mentioned at page 153, 
than that of the intended arch, to allow only both curves were circular (they 
for sinking: the arrangement of the may be seen at the haunches in the 
timbers was drawn in full size on the figure). After each course had been laid, 
platform, so that they were readily pre- its position was compared and corrected 
pared; thus, when the carpenters on bymeansoftwotimbers — one horizontal, 
the platform had constructed a rib, and the other vertical — which had been 
other workmen at the site of the bridge placed and marked for the purpose ; 
fixed it in its place. There were ten small plates of lead were put between 
ribs in this centre, which in arrange- the voussoirs or wedges, according to 
ment was very similar to Perronet's directions, for keeping the joints di- 
centre, represented on page 137, except verging, and retaining the stones in their 
that it was greatly assisted by the rows places until the lowering of the centre ; 
of piles in the middle of the river. between the courses at the crown small 
From the figure of the arch drawn on iron wedges were introduced for the 
the platform, wood models, to direct same purpose ; these remained until the 
the stone-cutting, were made ; for other arch was completed, when, the position 
parts of the arch-courses, tables were of each stone being found correct, a 
•constructed, so as to obtain the greatest mixture of lime and clean sand was 
nicety of workmanship. Great attention poured into the joints, and held there 
was paid to the probable effect of the by a stuffing of tow at the apertures of 
settling or movement of the whole body the joints, and the wedges removed, 
of arch-stones, when tlie work should Before removing the centre the plan 
be completed. It is a fact, calculable of Perronet was adopted, in order to 
and observed, that the courses at the determine the amount of sliding which 
springing and the crown squeeze each might occur when the centre was 
other at the edges when the centering is lowered. Three lines were drawn on 
removed or eased; this, in the preceding the face of the arch, one horizontal, 
example of the Chester arch, was well across the crown, and two oblique, 
met at the springing by a wedge of lead; from each side of the key-stones to the 
if in any case the pressure thus caused springing. The depth given to the 
be great, a chipping of the. edges ensues, key-stone was 4 feet 1 1 inches. After 

Mosca directed the stones to be cut for the lapse of twenty days from the time 

the proper size of the arch; but the joints, of keying the arch, the centre was 

fnstead of being merely in the direction lowered ; it had been retained by check- 

of radii, he ordered to be made diverging pieces or wedges, 240 in number, and 

towards the intrados at the springing, when the checks were removed, the 
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frames commenced sliding* downwards completed, 18 feet 3*2 inches; the 
uniformly. The arch, being at last left height is, therefore, only one-eighth of 
to itself, was found to have descended the span — a proportion much less than 
very regularly from 18'9 feet — the height other bridges of great span ; the arch- 
of the centre — ^to 18*4 feet, in the stones, ninety-three in number, are all 
course of the five days during which of the same depth — 4 feet 11 inches — 
the centre was being removed ; the except the two at the springings. The 
engineer, however, purposed pushing carriage way is 30 feet wide, and the 
the arch to the greatest extent of settle- remaining 10 feet is given to two foot- 
ment, and with that view loaded it with paths. The masonry was finely dressed 
SOOO tons of ballast, evenly disposed — even to extravagance—- the fiices of 
over the surface ; this was a weight the granite arch being polished ; the 
much bevond that which it could ever joints also were faced with a cement 
be called on to bear in practice ; it was made up partly of granite dust, to 
suffered to remain on the arch four correspond with the masonry, 
months, and depressed the crown 1*57 Whether considered in reference to 
inch more. It was now judged proper its external appearance, or the scientific 
to proceed with the exterior spandrel manner in which every part was exe- 
walls, the interior space being filled up cuted, this bridge is a splendid object, 
solid with masonry ; the horizontal ma- It is remarkably plain ; the lines wnich 
sonry of the spandrels was, by previous mark out its parts are few, but bold, 
cutting of the arch-stones, brought to and accordant one with another; in- 
meet them angularly with a regular deed quite a contrast with most other 
appearance; the upper part of the bridges; the segment, being small, gives 
abutments O&bove the springing line of an elegant lightness, which is much 
the arch), the cornice, and roadway, increased by the double curve — the 
were successively laid; the cornice being outer curve springing from a higher 
plain, with the appendages denominated point than the inner, after the manner 
modillions. The surface of all the of Gloucester Bridge (see J!g, 67)* If* 
stonework upon which the materials for as has been remarked, a projection had 
the roadway were to rest was covered been given to the lower part of the 
with a layer of bituminous cement, 5*9 abutment walls, instead of the plain 
inclies thick, and beaten down hard: on face, reaching, as it does, into the 
it was placed another layer, mixed with water, it would liave been an improve- 
gravel, 2| inches thick ; thus the joints ment. The impression of firmness, 
of the masonry were saved from the in- arising from massive abutments, is con- 
filtration of water, which is so injurious siderably prevented by the circular or 
to the structure. The different part« cylindrical form given to their faces, by 
were now dressed, and the bridge made which it appears as though part of the 
ready for public use; four years having arch were hidden behind them; they are 
been occupied in its erection, and the considered as acting similar to cutwaters 
expense to the Sardinian Government before piers, assisting, with the conic 
being 66,000/. form of the arch-opening, to give free 
The total length of this bridge is 300 passage for the floods ; they allow, also, 
feet, the width 40 feet between the a wider approach for the roadway. The 




the rise, after all the work had been the stones at the crown, but when it is 
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compared with some other bridps» and structure, excepting a sh'ght sinking, 

particularly if the nicety with which the which has been principally on the south 

work was done be considered, a much side, where the curve of the arch has 

less depth would have been safe. become continuous in consequence. 

IV — The Bridge of the Santissima V. — Waterloo Bbidoe is a fine speci- 

Teinita at Florence is justly considered men, without any rise in the roadway: it 

as a very beautiful structure. It is not reaches over a very broad part of 

very large, the span of the principal the Thames, its length, between abut- 

arch being but 95| feet, but the curve ments, being 1240 feet: the arches are 

• of the arches, and the architectural all of equal size, and elliptical, having a 

taste generally shown in its parts, is span of 120 feet, and a rise of 35 feet; 

such as to call forth, praise from all they rest on piers 20 feet thick, counter 

judges in architectonics. Modern science arches being placed between the curves, 

cannot, however, take the credit of pro- on each pier, to carry the thrust, gene- 

ducing this bridge, it having been built rally considered to occur at a point of 

in the sixteenth century by Bartolommeo the curve where its tangent becomes 

Ammannati Battiferri, celebrated at the inclined about 60^ to the horizontal 

time for architectural talent, over the line. The masonry is of granite, weigh- 

Arno, a river, which, having its source ing about 498 lbs. to the cubic foot ; as 

among the mountains, is liable to heavy there are 34,000 cubic feet in each arch, 

floods from the melting of the snows; there is, consequently, a weight of about 

these had repeatedly swept away former 16,930,000 lbs., or 7559 tons, from the 

bridges. He proposed and executed arch alone, on each pier, except those 

the present structure with three arches, next the abutments; the key-stones are 

the central being 95 feet 8| inches, and 4 feet 6 inches deep. Brick walls are 

the contiguous pair 85 feet 8^ inches, laid over the backs of the arches, so as 

The piers and abutments are supported to make the spandrels hollow : on them 

on piling, different in its disposition to rest the flag-stones supporting the road 

the modern methods; the base of the and footways; the former is 28 feet 

foundations has a small offset, and, and the latter are each 7 feet wide. As 

therefore, covers a greater space than a piece of architecture the bridge is 

the body of the piers ; the cutwaters striking to any beholder, notwithstand- 

are triangular, extending above 19 feet ing the pillars which are set up at each 

from the body of the piers — these latter pier ; had the facing of the pier been 

being 26 feet 9 inches thick, and 27^ plain, as in London Bridge, it would 

feet high; the arches spring 9 feet 5 have appeared more to advantage. It 

inches above the ordinary water line, and was designed by Mr. R. Dodd, and 

appear to be formed of two portions of built by Sir J. Rennie. 

an ellipse, of which the major axis is VI The romantic Pont t Pbtd, 

113| feet, and the minor axis 31} feet : spanning the river Taaf, near Llantris- 

the schools at Florence have concluded sent, Glamorganshire, deserves notice, 

that the curve is parabolic, but the on account of the circumstances of its 

former is the more general opinion ; erection, as well as the size of the arch, 

whichever it be, the arches are some- considering the time when it was built, 

what pointed, to an extent, however. It was the work of Wm. Edwards, in 

which keeps them graceful. The centre 1751. It is the third bridge which this 

arch rises 15 feet \^ inch, and the two self-taught architect erected at the same 

smaller arches 14 feet; the ratio of the place. The first was in three arches; 

rise to the span is, consequently, 1 to but, in consequence of a heavy flood, 

6'5f or i.i of the span; the material of to which this mountain stream is sub- 

their face is marble, but by the appear- ject, it was carried away two years after 

ance of the soffit of the arches the inte- its completion. Edwards then attempted 

rior is of rubble work. The parapets a wonder (for his time), to erect a bridge 

are about 3^ feet to 3| feet high, and of one large arch, stretching 140 feet, 

2 feet thick; the whole passage way or over the whole torrent; but, unfor- 

between them being 32J feet, of which tunately, not having calculated the 

two f oot-paths occupy 11^ feet, and thrust arising from the heavy haunches 

21/j feet is allowed for carnages. The of his arch, before the parapets were set 

building occupied from the 1st of March, up, the haunches sank, the crown was 

1566, to the year 1569; since that time pushed out, and the whole fell into the 

little alteration has occurred in the river. Undaunted by these disasters. 
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Edwards re-cominenced, lessening the in hot oil. Several methods have beeii 

weight of the haunches bv leaving three put forth and patented by different 

horijontal cylindrical holes in each of persons for the protection of timber 

them (see^. 64, page 150) ; this alter- against the weather and the destructive 

ation had the desired effect, and all effects of the small cryptogamous plants 

Stood secure. As the former, so this which are apt to grow over dead woodf. 

arch was 140 feet span, rising 35 feet; In many bridges great care has been 

the arch-stones, at the crown, are only taken to inclose the important parts 

3 feet in depth, or less than a forty- by close planking, which is injurious, 

sixth of the span. The lower holes or However much interested parties may 

cvlinders are each 9 feet in diameter ; exhibit the faults of timber work, there 

tne middle 6 feet, and the upper 3 feet are sufficient long-standing examples to 

diameter. Although so light and large — ~Z7 , , , ; 

as to be a masterpiece at the time it yJJ^ ^^"^^ ""^ ^JT T """^ ''^JSTa^^ 

was built, it has withstood the action 5* ?* '^i"*^T** J^ff!^ ?! ''^ ^c 

r n J "•••"'•'"^ \"^ «»-vit«i ^^^ wood, when tabjected to the action of 

of many floods, and the dismtegrating varying tempeature and moirture, commences 

effect of the changing seasons. a slow decay or eremacaaiiB, for the prozimatd 

elements of organic matter containing nitrogen 

Chapter VlII.—J9rufe« of Wood.-^ are ea.Uy acted on by the above agents, as the 

Truued Gtrder.-^ Towns and Longs component elements, but fiidlitates deeompo- 

Sysiem.—StnngM Timber Trusses:^ gjtion; when this commences, the germs of 

Bridges of Kandel, Palladio*s, Schaff. cryptogamous plants, which had been naturally 

hausen, 4^. — Curved Timber Arches : deposited in the pores of the wood, are rapidly 

* ^^Price*s^ Jifahavillaganga, Wiebc" developed, and materially assist the decom- 

king's^ Schuylkill, and other Bridges. poring agents ; the MenUiut laerymans, a 

fungus well known as connected wiUi what is 
(66.) The utility of wood for making a called dry-rot, powerfully aids in the destme- 
line of communication between two tion of wood, by insinuating itself between 
places, appears to have been thought the fibres, and rapidly spreading. Open 
of before any other material, and led situations and currents of air are, however, 
the way in bridge building. It is the inin»i<»l *<> the growth of these phuits, which 
most simple, as well as cheap, substance ^* ?>"**• ®i»* *^" unpropriety of boxing 
used in these structures, ilnd may be '^P u*^* J!~^r''\j^ i*"^? ^. '"'*^^' 
built up most readily; not only does it " ^^ freqnenUy been done by bndge car- 
*^// J -^ . -^ * penters. Mr. Kyan patented, some years 
possess these advantages, but, next to £ice, a method of presiving wood by sowing 
those commonly called suspension jt in bichloride of mercury (corrosive sub- 
bridges, it has, at present, been used for limate) ; some chemists supposed that it had 
the greatest spans*. There are, how- a preseiratiye effect, because the bichloride 
ever, some practical objections urged (Hg 01^ decomposed when it met with 
dgainst the use of wood in exposed* the albumen (a proximate element) of the 
situations — it is very liable to decay, ^^^ — one part of the chlorine being evolved, 
and destruction by fire. Wood cannot, ^^>^« the remainder, then protochloride of 
of itself, withstand the effect of alter. "^^T (?»^^)' «om^i°«d* ^'^ the albu- 

nate wet and dry; this certainly need "*"; ,1™"^? ^Ia^"^ ^^^ ^^"P^°»^."^ 

.^, •'^! ^ . , ^ /. ^1 neutralinng Its tendency to decompose. Liebiir 

not occur with the matenals of the considers L bichloride to combine with thi 

superstructure, but wooden bridges Ugnine or w6ody fibre. The solution of bi- 

frequently abut or rest upon pihng, or chloride has, however, been detected by 

posts on piling, part of which, as the chemical tesu, to a depth of from | to ^ of 

tide ebbs and flows, must be alternately an inch in various woods, and, by electrical 

dry and wet; the timber work of the test, somewhat deeper; it appears, however, 

arch should never be within reach of ^ penetrate fir less than some other woodt 

the tidal waters, though, in several (F««day). The wood thus treated becomes 

instances, it has so occurred, where **^ ^•^ specific weight less flexibility, but 

there are ' sometimes very high tides. ST ?""^*' J*- i%5?*'Ik^^^'^|- v^* 

"wri^u^u*-. n ^ ^ jL ' 1 Breant proposed, m 1837, the use of sulphate 

Wiebeking, a German engmeer, who ^^ i^on, which did not lUter the quaUtUs of 

built many wooden bridges, soaked the ^ood like the previous substance. lately 

posts which were to dip into the water Sir Wm. Burnett has asserted the chiims of 

chloride of zinc as a preserving agent : trials 

* The iron tubular bridges over the Conway of it have been made, with a satisfiictory 

Eiver and Menai Straits excepted. xysult 
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prove the efficiency, economy, and 
durability of woodeo bridges. 

The modes of applying timber to 
biic^ building may be cla«aed into two : 
— the truss of simple straiglit beams; 
and series of curved beams, forming 

(67.) The most elementary form is a 
simple beam or girder, stretcliing from 
point to point, several of which vrould 
support transverse planking for a road- 
way. Out of a close consideration of 
the effects produced on such a beam 
through resting its ends on a solid bed, 
while weights are on the upper side, the 
general system of trussing, or adding 
extra supports of struts or braces, is 
completely developed. In the first 
place, from the principles of the strength 
of materials, it appears that the sustain- 
ing power of a beam will increase as its 
width increases, or twice the width will 
give twice the strength, but the increase 
)s as the square of the depth ; that is, 
twice the depth gives four times the 
strength ; it is evident, therefore, that 
width is of little importance in compari- 
son with depth as a means of supplying 
greater supporting power, not merely 
on account of the econonlising of mate- 
rial, but of uselessly loading the beam; 
', beam A, 1 foot iquare at 



Fig.7». 



strength is obtained, as before remarked ; 
but the weight of the compound beam 
is double of the single strength ; if, 
however, we proceed by taking a beam 
B 5,'; inches by 12, or not one-half the 
depth of that to be strengthened, and 
bolt it underneath, or on the upper 
surface of A, the strength being as the 
square of the depth, which in feet is 
now 1'42, is equal to 2, or as much as 
the two equal beams in the former case, 
while the weight of materials, instead 
of being double, is not one-and-a-half, 
so that, in fact, there is more available 
strength in the latter combination, be-' 
cause it has less weight of its own to 
bear. There is also another physical 
principle concerned in a beam supported 
at each end. Even by its own weight 
a tendency to bend is shown, if the 
length be considerable in proportion to 
the breadth and depth, and superin- 
cumbent weights, according to their 
nearness to the middle of its length, act 
more powerfully in bending it ; this 
leads at once to the conclusion that 
greater strength should be allowed to 
the middle than to the ends of the beam. 
The form for equilibrium can be calcu- 
lated, and we obtain the following general 

Fig. 79. 



o the side of another, 
or scantling, twice the 



figure of such a beam"; we have still 
some part of the beam idle, while the 
other parts bear the burden ; when such 
' a beam as the above bends it must be 
that the lower side is in a state of ten- 
sion, and the fibres are preparing to 
break asunder; but the upper side, by 
descending, becomes compressed, and 
the fibres have to resist a force tending 
to pnsh the ends together; between 
these extreme and opposite actions the 
intensity decreases until some line of 
neutrality a b, is reached ; the parts on 
w'ther side of this neutral lioe, conse- 
quently, do little work, except that of 
assisting to toad the beam with their 
weight. In cases where very large and 
long beams would be required, it is a 
matter of importance to attend to these 
observations of the action of forces : 
they show us that if the upper and lower 
parts of the beam could be retained, 

* Stt SmngA nf Uattriali, tq. 
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while the other could be cut away, a 
very valuable improveinent would be 
efiected : this has been done in various 
ways, one of the most simple being that 
of the trussed girder or beam. 

(68.) The general form of a trussed 
girder is shown in fig, 80. A wrought- 



iron rod ahc \s screwed into plates at 
each end of the wooden beam A, and 
passing obliquely downwards is held out 
by the struts abutting against the under 
side of the beam ; this rod is, therefore, 
the counterpart of the lower half of a 
common beam ; while the wood is prin- 




cipally engaged by the crushing effort of prising, in comparison with most other 

any incumbent force, the rod takes up structures of this kind. These bridges 

the stretching effect, the horizontal consist of two rows of horizontal ties or 

portion h having the greatest tension; stringers, one above the other, but 

thus the beam cannot bend more separated to a distance of 15 feet or 

than the iron rod allows by its exten- more by lattice-work, or inclined pieces 

sion under pressure, which is an exceed- crossing each other; there are generally 

ingly small amount. By this contrivance three tie-beams or stringers, with a line 

a beam half the depth of that taken for of lattice- work between them ; the in- 

example in the preceding paragraph (or clined pieces form an angle of about 50^ 

6 inches) may become a very much with the horizontal stringers ; between 

stronger support; or if, in the second each of those inclined one way there 

case, an iron tension rod were substi- is a distance of 4 feet 6 inches, the piers 

tuted for the extra depth given to the themselves being from 10 to 12 inches 

beam, a girder many times more power- broad by 3 to 3} inches thick, for a 

ful and lighter in appearance might be truss of 17 feet high; the whole is 

constructed ; wrought iron is very much firmly secured together by wooden tre- 

heavier than fir, but it is about five-and- nails. The height of the truss has 

a-half times stronger in resisting a been proposed to be generally about 

stretching force. The trussed girder ^th of the span. It is, however, greater 

has been frequently used for small in some bridges built on this principle, 

bridges; one over the Whitadder, at The roadway rests either on the lower 

Abbey St. 6athan*s, Berwickshire, is or upper stringers, the latter being, 

of the considerable span of 60 feet, sup- doubtless, the best position, as the 

ported by trussed girders, which are stringers are brought into a more even 

composed of two timbers, forming a state of tension. This combination 

beam 1 1 inches deep by 6 inches wide ; may evidently be called a trussed and 

the tension rods a be of the girders are improved girder, the ineffective central 

only 1 inch in diameter, and are tightly parts being removed, while the two 

screwed by nuts at the extremities *. important parts are effectively connected 

A form of bridge which may be pro- and the system stiffened by the interme- 
perly classed with the improved girder diate lattice- work. A bridge was erected 
is that proposed by Ithiel Town, an over the James River Falls, at Rich- 
American; their lightness, simplicity, mond, (U.S.), in 1838, on the Richmond 
and cheapness of construction, are sur- and Petersburgh Railway, where these 
simple truss-frames support spans of 

* An American, Mr. J. B. Remington, from 130 to 153 feet; they were 20 feet 

proposed to build bridges with very much less deep, the railway resting on the upper 

timber than usual. His principle has not been stringers. The whole length of the 

very clearly stated; but a bridge was built by bridge is 2900 feet, the railway being 

him of 150 feet spaii, the support being tie- suspended at a height of 60 feet above 

beams or girders 6 mches deep and 5 mches ^y^^ ^^^ ^j^^ expense of the bridge 

wide at the ends, tapennir towards the ., . ^v S i*« 

Sddle to 2i inches' square; these beams or evidenced the great economy resultmg 

stringers have a fall of 24 inches from the chord- ^om Mr. Town s method: it cost 

line in the middle of the bridge, so that they about 24,200/. Another frame bridge 

act by tension : ft would thus appear to be a was suggested by Mr. Long, m which a 

description of suspension bridge. number of the inclined pieces were left 
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out, so as considerably to lessen the 
quantity of short timbers ; vertical iron 
ties are introduced, at convenient dis- 
tances apart, serving the place of the 
omitted timber. A bridge of 1260 feet 
lu length was erected over the Connec- 
ticut River, for the Western Railroad 
(U.S.)» in which the spans were 180 
feet each, the timbers being, however, 
very small. The lower ties are 1 foot 
deep, and about 6 inches brood; the 
inclined braces are 8 inches square, 
which is also the size of the upper 
stringers. According to either method 
a great saving of time and material is 
effected in their construction, when com- 
pared with other bridge-work in timber. 
(69.) The most varied alteration and 
improvement upon the simple beam or 
girder is that of wood-trussing with 
struts and ties. It can be effected by 
adding timber work above or below the 
principal beam ; the most simple deduc- 
tion from the equilibrated beam (Jig. 79) 
is that of the simple roof truss (see 
^, 15, page 121), of two rafters. 
Bridges frequently allow of an horizontal 
thrust, which is borne either through 
the piers or by the abutments; a simple 
and economical trussing of three addi- 
tional timbers under the main beam ia 
then applicable when the span is not 
too large. A bridge built over the 
Clyde, at Glasgow, in 1832, is so com- 
posed. Main beams A were laid on 
piles, while the beams B, B, C, gave 
support to the middle or weakest part ; 
these beams resist by compression. Any 
weight at a stretches the upper beam. 




All the pressure does not, however, act 
against tne succeeding strut, because B 
is inclined ; a portion, depending on the 
obliquity of the strut (art. 11, page 119), 
is carried by the pile ; pressure has, 
however, little influence, if the ground 
be firm, as we learn from the principles 
of the wedge. In the Glasgow Bridge 
the span or distance from pile to pile is 
34 feet, the struts B are 13 inches by 
12 inches in section, and the other 
timbers 12 inches square. This elemen- 
tary form has been frequently used 
when an horizontal thrust could be 
sustained. The Utica and Syracuse 
Railroad, United States, is supported 
over the Onondaga Creek Valley for a 
distance of 600 feet by 20 of these 
frames (or trestles) of 30 feet span each, 
the struts being mortised into the beam 
directly, without any intermediate strain- 
ing pieces. 

In France rough round timbers have 
been used for bridges, disposed similar 
to the above; one over the Durance, 
at Bon-pas, is above 39 feet span, and 
another over the Var above 49 feet span. 
When the same arrangement is usecl for 
larger spans the beams are apt to bend, 
even by their own weight ; this circum- 
stance prevents the use of long timbers 
in such structures; braces are then 
added, holding together the struts and 
tie-beam, the whole system being thus 
stiffened ; the bridge of St. Clair, over 
the Rhone, at Lyons, having a span of 
44 feet, and many others, are so con- 
structed. Another development of this 
method is exhibited in the bridge over 
the Kandel, in the canton of Berne, 
built by Jos. Ritter. In the following 
representation of half the brid^, the 
parts corresponding to the lower beams 
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which, meeting the straining piece C, 
imparts to it the force; but this piece 
acts as a wedge between the two struts 
B ; most of the pressure is thus given to 
the struts which abut on the piles, and 
the resistance must here be supplied; 
With a number of spans it is found in 
the thrust of the analogous struts in the 
next series, or, finally, the abutments. 




BRrDOB OVSH THB KANDBL. 

in the Clyde bridge are A, ab, being 
one strut and part of the intervening 
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beam; the itrot would, however, be Palladio proposed and built ipecimeiii . 
too long to support itself steadily, being, of wooden bridges of this kind, some of 
according to the figure, above TO feet wUich eiliibit excellent mechanical 
long; it 19. therefore, tied up at two arrangement. The bridge erected under 
places by the braces E, F; the superior his direction over the Cismone, near 
strata B, C, D, do not play against the Basaano, in Italy, of 106 feet span, is a 
lower tie-beam G H, but they meet the combination of three ordinary roof- 
uppet beam I K with the vertical trusses, of tie-beam, rafters, and king- 
braces, which is a mode of suspendiog post, ate, surmounted by two great 
the roadway resting on the lower beam rafters, an intermediate straioing-piece, 
G H; the three horiiontal beams are 

tied together by the short braces, and, pjg^ g3, 
with the diaj^nal strut G K, form a 

truss quite independent of the timbers " 
A, B, C, D, and their attendants; it 
might, if of sufficient stiffness, stand of 
itself. A roof L, common to wooden 
bridges, protects the covered wood-work 
from rain, and is a great convenience. 
This bridge is stated to have a span of 
166 feet; although well disposed, there 
are, doubtless, more timlrars than is 
requisite; this, however, is a common 
error in all kinds oF bridges, and one, in 

most cases, on the safer side. form for a bridge, obviating tf 

To obviate the difficulty of using very of long timbers, though the span were 

long beams, instead of making the lower great: it was to compose each truss of 

truss of three pieces, as in the above a number of small frames, similar to the 

cases, four, five, or more pieces have figure in the chapter on framework 

been braced up lo the tie-beam, forming (page 120); these, like a number of 

a polygon ; this, however, of itself^ is arches, might be secured one to another, 

in a state of unstable equilibrium, similar and would form a very strong and good- 

lo the catenary (see art. 20, page 126), looking arch. 

and on account of the obtuseness of the The most remarkable example of 

angles the downward pressures act with wooden bridge built with the trussing 

a most destructive intensity on the above the tie.beam was the bridge over 

joints. In several instances failures the Rhine at Schaffhausen, built by 

have occurred with bridges constructed Ulrich Grubenmann, called a common 

after this manner. carpenter, in I7d7 ; it was, liowever, 

(70.) Where horizontal thrust could burnt by the French army in 1799. 

not be allowed, or otherwise was sought The diagram represents one-half of 

to be avoided, the trussing has been the bridge, the resting-place P being a 

partially or wholly built above the road- pier belonging to an old bridge, left near 

way. All the conditions of a thrust- the middle of the stream, in order to 

bearing tie-beam are then included, assist in supporting the great truss. 

similar to roofing in general cases. The principal parts were the enormous 

Fig. 84. 
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de-beam A A, the rafters or struts a, a, A very neat bridge of 150 feet span, 

and the vertical ties or braces b. The upon Grubenniann*s principle, was built 

tie-beams were made of fir beams, two in 1838 on the line of tne Baltimore 

in depth, scarfed and bolted together in and Ohio Railroad, over the Fatapsco 

the manner shown by the serrated line ; River, with the judicious introduction 

their width being about a foot-and-a- of the cross-strutting between the ver« 

half, and united depth nearly 3 feet, tical braces, according to Jig, 13, page 

This beam was shored up by a few 120. 

struts, abutting on the pier and abut- Sieur Glaus exhibited in Paris a 

meiits, and carried above the system of model of a bridge on Grubenmann's 

rafters a, a, which, on examination, will principle, which was intended to be 

be found to form, with the small hori- built over the Dery, extending between 

zontal beams against which their upper the abutments the enormous distance of 

extremities thrust, a series similar to 959 feet. It differed slightly from the 

the roof (art. 19, page 126), the two construction of SchafThausen Bridge, in 

struts c, d, being left out at present ; this having an even series of rafters, equally 

large truss was stiffened and held toge- inclined, and of equal length, in place of 

ther by the eight braces 6, 6, which the variable lengths and inclination 

were placed at a distance of about 18 which Gxubenmann adopted; diagonal 

feet apart. Although the rafters meet as well as vertical braces were also 

the upper tre-beam B B - at various added. 

places, yet their lower ends, carrying a (71.) The introduction of curved 
thrust down to the beam A A, are -timber in wooden bridge^building is a 
very properly collected towards the great improvement, from the mechanical 
extremities, or the parts most able to ability of the material, and the aspect of 
sustain pressure. With the beam B B, the finished structure. Timber used in 
the upper series of struts and braces a curved form is generally bent into the 
constitute another and lighter truss ; required shape, and two or three pieces 
one-half of the length is left with the or planks, laid one upon another, are 
roofing. This certainly fonnedan excellent bolted together while so bent; other- 
truss ; indeed, it was said that no piece wise the same form may be given by 
could be removed without endangering cutting across the fibres ; in the latter 
the whole, showing that the structure operation, however, a great portion of 
was encumbered by no useless material, strength is lost through the injury to 
When built it appears that the pier the fibres ; by the former metnod» 
sunk, so that Grubenmann had to small pieces, requiring little trouble 
strengthen his truss by additional rafters to bend them, can be built up, by 
c, </, the interior rafter being of very proper fastening, into a sound rib. 
great length; with these beams it would (72.) The effect of any weight acting 
appear as though the final tlirust of the on a curved beam will be somewhat 
trusses was transferred to the abutments analogous to that of pressure upon a 
only. This appearance probably gave stone arch, as represented by ^. 66, 
rise to an opinion that the pier was un- page 150. If the weight act on the 
necessary to support the bridge : it middle of the crown C, a line of pressure 
evidently must have borne some pres- C a D will be formed, the fibres being 
sure; indeed, the two spans were not strained at b and A, while they are 
in the same straight line, the pier being compressed at C, a, D. And pressure 
above 8 feet out of a straight line be- near the extremities "would effect at b 
tween the abutments; the construe- and A a compression, while at D, A, 
tion, however, was so truly on scientific and E, an extending strain would occur, 
principles that, with some strengthening. These suppositions must be uncertain, 
there is no reason, as Telford remarks, from the nature of the wooden arch ; 
^hy the pier could not be safely re- the conditions are not nearly the same ; 
moved. This bridge is not the greatest the rib has all the benefit of resisting, 
«pan built after this method. Its total by its arrangement, any bending inwards, 
length was 365 feet, the greater span or in the direction of its curvature ; it 
being 192 feet. is, in nearly all cases, subjected to a 
The same ingenious carpenter and strain which acts, more or less, over 
his brother built several other bridges the whole length, whether the roadway 
after this model, and of very large span, be superimposed or suspended ; the 
one at Wittengen being 390 feet span, ties or struts, which are placed at dif- 
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ferent puti of the rib to support the 
toadiray, prevent the aimple action of 
the force which theorj' supposes, tad 
the line of pressure (page 150) is at any 
time a doubtfiji matter. It has been 
called a parabola, but aa the weight of 
the rib is freoueutly variable, and the 
otherpartsof tne brid^are also so vari- 
able, the curve of equilibrium cannot be 
any r^ulat curve. 

(79.) Mr. Price revived the appliU' 
tion of curved ribs, which were used at 
an early date ; — Trajan's Bridge, over 
the Danube, in Lower Hungnry, is an 
instance, which seems to have guided 
the above carpenter in his plan : he 
proposed that ribs should be made up 
of planka, Tailing, of course, in size, 
according to the size of the bridge in- 
tended ; thej were to be made up in 
two thicknesses, which should be bolted 
together with wooden keys. A bridge 
on this plan was built over the Pisca- 
ta^tt, near Portsmouth, United Smi«s, 
with a span of 2fi0 feet. It consists of 
three ribs, each formed of planks 12 and 
IS feet long, with keys and wedges of 
hard wood fastening them leather. 
The ribs were connected with braces of 
hard wood, passing through holes cut in 
the ribs. The structure has been ap- 
proved, although, if the ribs had been 
bolu^ together, forming one thick rib, 
more strength would have been gained, 
as the cutting required to insert the 
vertical brace, must have greatly weak- 
ened the rib. A bridge oa a similar 
plan was constructed over the Mahavil- 
laganga River, near Kandy, in the 
Island of Ceylon : it is 205 feet in span. 

Fig. B5. 
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and rises about 25 feet. It consists of 
four horizontal rows of compound ribs, 
each compound rib being, as iojlg. 85, 
made up of three pairs of beams, A, A, A, 
which are about 12 inches wide by 14 
inches deep, held together by the dove- 
tailed wedges a, a, a; the connecting k^ 
6, b, b, were cut so as to dovetail in the 
beams as they pass between each pair ) 
these keys or braces were about 8 feet 
apart, and the whole compound rib 
about [he same in depth. Radial struts, 
notched on the ribs, supported the road- 
way on each side of the centre. This 
bridge withstood, in 1835, a great flood, 
which rose 20 feet above tne line of 
springing of the arch, the rapid current 
bringing with It trees and masses of 

(74.) Wiebeking, director-general of 
roads and bridges in Bavaria, built 
several bridges with ribs of very large 
span and light appearance. His method 
was to bead long planks, instead of 
short pieces formerly used ; the frame- 
work was very simple, each arch being 
of three ribs, with intervening struts, 
where requisite, between the ribs and 
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flexible than that worked up or squared, 
for a beam of fir 54} feet long and ]^ 
thick, could be curved so that the depth 
of the curve was I -36th of the length, 
whereas, in an unwrought condition, it 
was increased to 1-1 3th of the length; 
pieces, also, which had been cut into 
regular rectangular forms, were, when 
joined together, susceptible of greater 
curvature than a piece alone. He found 
that pine had more elasticity than fir 
wood; larch than pine; and resinous 
woods more than oak, which, when 
undried, allowed a depth of curvature 
so small as l-26th of the length. His 
wooden-rib arches are said to have been 
tested, on completion, with a weight of 
about 149,000 lbs., or 66^ tons. 

The bridge over the Regnitz, at 
Bamberg, is one which illustrates his 
practice on a large scale, the span being 
208 feet — the greatest span, except in 
one case, erected on his principles; the 
rise of the arch is 17 feet. It was built 
of one arch, in place of a stone bridge, 
which, by the resistance of the piers to 
the current, was carried away by a 
flood. There are three ribs — ^two on 
each side, and one in the middle of the 
public way, which passes over the ribs ; 
the outer ribs are composed of two 
widths of timber and ^ve depths at the 
springing of the arch, but at the crown 
tne depth is reduced to three beams; 
the middle rib is one width of the regu- 
lar beamd, but on each side are a triad 
of extra beams, making the whole width 
three beams ; two inner ribs were placed 
diagonally to assist this combination in 
opposing any tendency to lateral motion. 
Cross struts and horizontal bridles or 
ties connect the ribs and carry the 
struts which bear up the timber work 
supporting the roadway. The abut- 
ments are very slight in comparison 
with those of other bridges, the weight 
of the materials and the proportionate 
thrust being much less than in arches 
of heavier materials. The rise of 



Wiebeking's wooden bridges is also 
small as compared with stone arches; 
in the Bamberg structure it is a little 
above 1-1 2th of the span, and in an* 
other bridge at Freysingen, over the 
Isar,-of 153 feet span, the rise is about 
11^ feet,, or less than 1-1 3th of the 
span; while it may be seen from the 
table (at the conclusion of " Bridges") 
that, in the most considerable flat arches 
built of brick and stone, the rise of the 
curve is, in no case, less than l-8th of 
the span, very frequently l-4th. Wie- 
beking states, as the result of experience, 
that ribs from 100 to 150 feet span may 
have a rise of l-20th of the span; 
l-18th for 200 feet; l-15th for 300 
feet; and l-14th for 400 feet span; 
these numbers give flatter arches than he 
adopted, but are limits allowable where 
the arch is required to be flat. There 
appears to be a sinking after the arch is 
constructed, through a slight yielding 
and settlement of the fibres — a circum- 
stance to be expected ; it is very small 
in amount — less than the ordinary set- 
tling of stone arches ; Wiebeking ex* 
presses it as equal in inches to 



0-806 X 



rise 
span' 



the rise and span being numerated in feet. 

The same engineer offered to er^ct a 
wooden bridge at Munich, having a 
span of 273^ feet, and also one with the 
very great span of 554 feet. 

(75.) A numerous class of bridges 
have united in them the ordinary straight 
timber truss and curved rib; in some 
cases the curved portion is intermixed 
with the other parts of the truss, the 
ends generally resting on an horizontal 
tie-beam or stringer ; otherwise the rib 
is placed beneatn the straight timber 
truss. Of the latter kind are several 
large and tasteful structures. The cele- 
brated bridge over the Schuylkill, at 
Philadelphia, and a bridge near to it, of 
smaller span, are so arranged. The 



Fig. 86. 
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former, called, from its great length, the the very small rise in the middle of 20 
Colossus, is one span of .340 feet, with feet, or I.17th of the chord-line, so that 
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the curve is a portion of a circle 1465 king-posts passed through mortices cut 
feet in diameter, comprising an arc of in the ribs, and thus considerably weak- 
26| degrees. There are three ribs of ened them. It had not been in use for 
equal size, the planks composing them three months before the diagonal braces 
being 13 inches wide by 6 inches thick, showed signs of a settlement, and, not- 
cut to the proper curvature — a method withstanding various mendings, in 1835 
Calculated materially to weaken the the bridge gave way : in the process of 
power of the timber; — seven of these dislocation it was observed that the 
planks were put together, forming a rib diagonal pieces, although bolted toge- 
3 feet 6 inches deep by 13 inches wide: tber, and to the posts, and additionadly 
in joining the lengtns it was so arranged tied by iron straps, tore away from the 
that one plank terminated between two upper rib, until the lower rib at last 
others at their middle. On these ribs a presented a concave instead of a convex 
truss frame was erected ; it is about 7 upper surface. It has been considered 
feet deep at the middle of the bridge ; that the failure was owing partly to the 
the radial posts, as the figure shows, want of abutment of the upper rib, but 
are partially strengthened by the slant the order of the destruction shows that 
struts, which, had they been crossed by the lower rib was not efficiently tied to 
others in an opposite direction, would the upper, as the oblique pieces left the 
have been much stronger : as it is they latter, which was therefore litde or no 
do not constitute with the posts a stiff burden, but it certainly was not brought 
framework; over all is a curved tie. into service: the lower ribs were de- 
The roadway is laid upon bearers lying prived of their strength by tlie mortices 
across the ribs, and joined to the posts for the king-posts, which appear to have 
of the upper framing. This bridge, been very ineffective ; a great improve- 
though containing comparatively little ment would have been to substitute for 
timber for its size, is, if the ribs alone them iron rods, which would have tied 
were brought into action, about three the upper and lower ribs safely. The 
times stronger than could be required, curve given was very small, and by a 
supposing the bridge crowded with bad disposition of the roadway an un- 
people. It stands, however, as one of necessary strain was thrown towards 
the best specimens of wooden bridge- the weakest or central part of the arch, 
building : it was arranged by Wernwag, There is a very good specimen of 
in 1813. Another bridge, similar to the this class of bridges called the Lady- 
above, with a few additions, was erected kirk and Norham Bridge, over the 
over the same river some years pre- Tweed: in this instance the ribs vary 
viously, at Philadelphia: it crosses the in depth, being eight planks at the 
stream in three arches, two of 150, and springings, and three planks at the 
the middle 194 feet span, the latter crown or highest part of the curve ; the 
having a rise of 12 feet, or about 1-1 6th planks are 6 inches thick and 18 feet 
of the chord-line. long, so that at the ends the ribs are 4 
A bridge was erected in 1828 over feet deep, but at the middle 18 inches; 
the river Ottawa*, which marks for by the arrangement at the termination 
many miles the separation of Upper and of each length of plank from the ends to 
Lower Canada, to make a communica- the middle, one is omitted; at every 
tion between the banks, near the Chau- such place a radial brace holds the rib 
di^re Falls. The span was 212 feet, and an horizontal compound beam above 
with a rise of 12 feet, or nearly l-18th the level of the roadway; struts, in- 
of the chord ; three ribs, 30 inches deep dining towards the middle of the arch, 
by 12 inches wide, formed the under are placed diagonally between the radial 
support, while above them there were a braces, similar to Jig, 85, of the Schuyl- 
series of braces and king-posts, in some kill Bridge ; but each opposite pair has 
respects similar to the Schuylkill Bridge, a straining or horizontal piece between 
except that instead of the pieces being their upper ends ; by this method the 
inclined all in one direction they horizontal beam, made up of all these 
were crossed; the struts supplied at pieces, is deepest at the middle, and 
the ends of the bridge were very in- tapers to the ends* The appearance of 
efficient, as the resdt proved ; the the bridge is somewhat elegant ; though 

— '■ there is a great quantity of timber em- 

* Papers of the Boyal Engineers, vol. iii. ployed. It consists of two arches, each 

p- 158. of 190 feet span, and 17 feet rise, and 
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the roadway being 18 feet wide, two ^ tv r » j 

trusses only are given to each arch ; the Chapter IX.— Iron Bridges. 

whole is a combination of small timbers, (77.) Owing to the advance of iron 
none being above 28 feet long. manufacture, this substance has become 
(76.) There is another method of a favourite and valuable material in 
using curved timber or ribs as prime bridge-building ; and, judging by the 
means of support, in which the rib is varied and bold attempts made with it 
placed above the roadway, and its in this, as in all other branches of con- 
extremities abut near the ends of a structive art, the most extensive and 
tie-beam or stringer, extending across admirable bridges will be those of iron, 
the whole opening; posts or other ties. Until of kte, however, very little indeed 
with intermediate bracing and strut was known of its mechanical character 
beams, connecting the rib and beam at — of its ability to sustain or propagate 
different parts ; by this plan the rib forces acting upon it under various con- 
stands in the position of rafters in the ditions, which must guide the workman 
common roof, although by reason of its in his disposing of the material in any 
distribution of any forces acting on it case. At present our information is 
the rib is a much better supporter of the greatly increased by the experiments 
long horizontal beam than straight tim- which arose from the manifest uncer- 
bers could be, where the span is great, tainty of the opinions about cast-iron 
In this form the thrust is taken away beams, — by the inquiry how a vessel 
from the abutments. A fine bridge on could be made of rolled iron or boiler 
this principle was erected over the plates riveted together, and possessing 
Delaware, at Trenton, United States, sufficient stifihess, as well as general 
the largest span being 200 feet, with a strength and lightness, for a sailing or 
profusion of timber. There are ^ve steaming boat ; and also in an eminent 
ribs, forming two lines of carriageway degree by another inquiry, which the 
and two footways; the two outer ribs success of the last-mentioned appears 
are nine planks, the three inner seven to have prompted — the capability of 
planks deep, the outer having an actual rolled-iron plates, in the form of a tube, 
depth of 18 inches and width of 13 to span wide and deep waters, or other 
inches. The ribs do not abut on the difficult places, where all ordinary means 
stringers, although the latter are strapped would fail, and sustain safely great 
to it where they meet ; ties descend weights constantly passing through it. 
vertically from the ribs to cross-timbers In comparison with wood and stone, 
under the stringers, on which the some kinds of iron possess great powers 
flooring is laid. Some ties were placed of resistance to crushing pressures ; 
in a direction slanting towards the others bear a great tensile strain, but 
centre of the curve, extending from the extensibility of iron is much less 
the rib to the stringer, — it has been said than that of wood, fir being about 
to counteract the horizontal thrust of two and a half times more extensible 
the rib; whether it would or not, depends than cast iron, and pine still more ; cast 
much on whether the stringer is suffi- iron, however, is the kind of iron least 
ciently stiff and has an abutment ; if extensible, — a fact militating against its 
this be not provided, there could be no use in positions where a small sufferance 
assistance from such bracing : it depends of extension would be advantageous, 
also, to some extent, on the state of the The remarkable strength and durability 
ties; if the vertical be tied up more of iron, as a means of support, is 
tightly than the oblique ties, the latter both evident from well-known experi-. 
do not act efficiently ; and as there are ments made with it, dnd many of the 
no strutting pieces between the stringer now numerous structures in which it 
and beam, there is little to prevent an has been used, A couple of iron bars, 
upward flexure at one part while a pres* 5 inches deep, 2 inches broad, and 12 
sure is acting at another. Several railway feet long, placed 5 feet apart, the ends 
bridges, with a profusion of material, simply resting on two piers or supports, 
have been constructed on the principle with planks laid across them, would 
in this country, having a cross bracing support twice as many persons as could 
between each tie or king-post. at once stand upon them, thus forming ^ 

an efficient foot bridge of nearly 12 

feet span; this example is founded on 
the known general strength of ordinary « 

N 
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cast iron» the safety of which for such a exposed to the snn's rays will expand 

form of bridge is far below wrought or most, and the difference of temperature 

rolled iron ; cast iron has, nevertheless, between the inner and outer ribs is 

until of late, been considered as the frequently above 50^: the injurious 

most eligible on account of the cheap- effects of such movements on the joints 

ness and the ease with which a frame must be considerable. Some attempts 

or rib of any size and shape could be have been made to dispose the pieces 

obtained. forming the supporting rib so that ex- 

(78.) There are objections to the use pansion might be allowed for in the joints, 

of iron in the ordinary forms of bridges, Another and very serious misfortune 

and difficulties arising in its use, — as the is the rapid destruction of iron by rust 

expansion of the metal, its rusting or or oxydizement when exposed to the 

oxydizement, the brittle nature of cast, weather ; this corresponds, as far as 

and imperfect character of much that is effect is concerned, to the rotting of 

called wrought iron. wood in bridges made of that material ; 

Although the expansion of iron by the process of destruction, however, is 

reason of increase of temperature is the opposite in the two cases, in wood 

great in comparison with wood or stone, being decomposition, in iron it is com* 

it is, in reality, very small ; in a bar of cast position—- the gradual combination of 

iron it is 1- 1 68,000th of the length for oxygen with the elementary iron form« 

every increasing degree of Fahrenheit's ing the rust or oxide ; this action is also 

therm.; for wrought iron I •152,000th of much increased by the unfavourable 

the length, which shows in favour of cast position in which the metal is placed 

iron in this particular ; thus, a bar of when composing a bridge over a stream, 

cast and wrought iron, each 70 feet These are evils common to all kinds 

long in the winter, would become re- of iron, yet they afiect in practice much 

spectively 70 feet i inch nearly, and 70 less than might be supposed ; expansion 

feet I inch long in summer, tdcing the cannot be prevented, but the slight 

mean variation of temperature at 30 extensibility, elasticity, and coropressi- 

degrees. Owing to this effect of tern- bility of the whole material forming a 

perature, short pieces are to be preferred bridge and its abutments, appear to 

in construction, as the expansion can meet the case in a great measure, 

be better compensated, in order to Oxydation cannot be compensated, but, 

ascertain some practical information on fortunately, it may be prevented to a 

this subject. Sir J. Rennie made a series great extent by coating and recoating 

of observations on the effect of tempe- the metal to protect it from atmospheric 

rature on the iron work of Southwark influence. 

Bridge, one of the largest in span of In addition to these common proper- 
ordinary iron bridges. He found that ties which distinguish cast and wrought 
the arch on the Southwark side of the iron, and point out that service for 
river (230 feet span, and 18 feet 10 wrhich they are respectively best quali- 
inches rise) rose l-40th of an inch for fled, cast iron being of a crystalline 
every increasing degree of temperature, and brittle character renders it a doubt- 
er, taking a variation of 50®, it rose one ful supporter where cross strains are 
inch and a quarter, which is about half concerned, or any exercise of tensile 
an inch less than the amount obtained force ; where, however, a uniform 
by calculation with the expansibility of crushing pressure is acting, and great 
cast iron, as given by Lavoisier*. This stiffness required, this description of 
is certainly a small quantity, and, as iron is most useful. Shocks and twists 
respects the elevation of the line of exert a disastrous influence on the parts 
roadway, of no consequence ; but the of cast-iron beams ; also anything which 
expansion and contraction to this amount, causes vibration, for the particles soon 
year afler year, must have a considerable separate beyond the circle of their 
effect on the connected parts of the mutual cohesive attraction. Many and 
bearing framework, for not only does serious accidents have proved the 
each rib in an arch expand, but they do danger of using cast iron under such 
not all expand equally; those parts unfavourable circumstances, although, 
« when it is considered how carelessly 

• This philosopher stated it to be -00000618 this material has been applied, as 

of the length for 1° F. Daniell (Phil. Trans., though it could not be too severely 

i831) gives it '00000595. tried, the surprise is that more accidents 
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have not occurred. Wrought iron, by shape and arrangement of the materiitt 

the processes through winch it passes, in girders arising from these inquiries, 

becomes fibrous, and is not marked by or evidently, in many cases, from a 

that brittleness which characterises cast strange caprice, are surprisingly nUme- 

iron : it is, at the same time, less able rous. Simple girders are very commonly 

to resist c<Hnpre88ion in the ratio of made of the following sectional forms : — 
about 4 to 6, but through the possession No. 1 is called the double T or I or 

of flexible and slightly-extensible quali* X girder ; and the second form, used 

ties, it is much more trustworthy : the either as in the figure or with the broad 

objection to its use is principally one of side uppermost, is the T girder : in each 

the immediate expense. Experience case it is evident that the disposal of 
has abundantly confirmed the conviction 

that wrought or rolled iron is the most Fig, 87. 

proper, and, indeed, only safe descrip- 
tion of that metal for those purposes in 
which intermixed and insular crushing 
and tensile forces are likely to occur; 
for, generally, they are not completely 
met by judicious arrangements, because . 
not thoroughly preconceived. There is 
one fact militating against iron, which is N0..I. No. 2. 

at present little understood, and possibly the metal is such as to obtain a consi- 

on that account generally neglected ; — it derable breadth, or rather area of section 

Is, the molecular change which occurs to resist extension or compression, or 

in a mass of the metal when subject to both ; while the middle parts, being 

continual vibration, making wrought about the neutral axis, are cast thin in 

Iron brittle and cast iron more so. comparison, or sometimes partially left 

Some have attempted to account for it out, which may be dotie with very little 

on ordinary mechanical principles, but sacrifice of strength, but with consider- 

from actual experiment, as well as able relief as regards the weight. In 

observation, it would appear that the calculaUng the strength of such beams 

change is brought about by magnetic to sustain loads placed upon them, there 

(polarising) action : whatever more de- is no need of deducting the strength of 

cisive information may point to as the ' the left out portion as though that were 

cause, it is certain that the eflect is a a full working portion of the beam, for 

destruction of the most valuable pro- the broad extreme parts or flanges bear 

perty of iron. the greatest part of the whole force 

Iron is used in bridge-making as a exerted by any load — the lower flange 

girder or simple beam, which is either being in a state of tension, while the 

solid or hollow, the latter being the upper flange sustains the crushing pres- 

latest and most improved kind ; or as a sure. The improvement eflected by 

series of plates or frames, somewhat the addition of a flange to the under 

similar in the conditions of their equili- side of the common rectangular beam 

brium to masonry arches ; frequently, evidently raised the question hbw much 

however, the frames are in long pieces, more might be gained by a further 

merely disposed in the arched form ; or, alteration in the form of the girder, and 

lastly, as a series of connected bars or has led to the calculation of the strongest 

wires, forming an articulated or flexible form of beam with a given quantity of 

chain or line, hanging between two or material. Mr. Tredgold, from consi- 

more piers^ from which a roadway is derations respecting the nature of iron, 

suspended. which proved in some measure to be 

(79.) An astooishing number of bridges incorrect, proposed the double Tt or 

where the span is not very great are the form shown in No. 1 of the above 

made of girders, being comparable diagrams, the flanges being equal in 

with the common beam mentioned in area of section. Mr. Hodgkinson in- 

the last chapter, as influences of any vestigated the subject in the only safe ^ 

superincumbent pressure are similar ; way, by direct experiments on cast-iron 

the inquhry into the. subject has, how- flanged beams; the results will be treated 

ever, been far more extensive with more particularly in the subsequent 

cast-iron beams, owing to their great ehi^ter on the strength of materials;- 

social importance ; and the varieties of the great point gained, however, wai 

N 2 
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that the strongest form of section is to 6J, the latter beinc the area of the 

according to the following figure :— lower flange: with Uiis disposition a 

gain of 2-dth8 of the strength is ob- 

Fig. 88. tained over the best common J. formed 

girder; and at the same time shows 

l^&m that this ratio is nearly that which ex- 

^^r^ presses the ability of cast iron to resist 

I crushing and tensile forces. Girders of 

I a simple kind are much used, especially 

V for railway bridges where the span is 

I about 40 feet or less. Owing to the 

I acknowledged insecurity of these girders^ 

^ H trussing bars have been employed, to 

nnnraHHHHn assist against the tensile force ; the ten- 

^^^^^^^^^^^^ 6ion rod is then carried more or less 

The width of the flanges in his eiperi- below the cast-iron beam, as indicated 

ment Wing— top, 2*33 inches; bottom, in ^. 80, page 170, the extremities 

6-67 inches: depth — top, 0*31 inch; being fastened to the extremities of the 

bottom, 0*66 inch ; while the interme- beam. Whether the girder is strength- 

diate part is only 0-266, or little more ened by this addition depends greatly 

than a quarter of an inch thick; thus, on the depth allowed between the beam 

we have the following areas of the and the rod; Httle or no assistance is 

flanges : — given if the rod be confined within the 

Area of top flange ;9 2*33 x 0*31 ss limits of the beam; it is evident that 

0*72 inch. any stretching force which may be 

„ of bottom flange sgs 6*67 X 0*66 9: exerted on the under side of the beam 

4*40 inches. A will stretch much more, the rod b 

These areas are in the proportion of I being farther from the neutral axis : if. 




however, it be level with the under side girder was composed of three lengths of 
of the beam it will stretch only as much casting, which were bolted together, the 
as the material of the beam ; if, there- depth at the joints, by the addition of 
fore, the beam A be of cast iron, which cast-iron joint plates, being increased 
aUows but a very small extension of its 6} feet; the lower flange was nearly 5^ 
parts without breaking, and the rod b times the area of the upper ; the mal- 
of malleable iron, which allows of a leable-iron truss bars were placed in a 
much greater extension (about tooggth of series of four on each side of the girder, 
its length for every ton of pressure), be and keyed up tiehtly at the end of the 
placed on a level with the under side, it girder by wrought-iron keys ; in conse« 
cannot be of any service when a trial quence of the length of the girder and 
occurs, except to assist the load in uieir reaching only to the under side of 
breaking the girder. An instance of the cast-iron girder, they were very 
this faulty trussing was exhibited in a nearly horizontal, in addition to* which 
bridge near Chester, carrying the Chester some part of their length (near the 
and Holvhead Railroad over the river ends) was above the neutral axis, so 
Dee, and attended with the lamentable that altogether it is probable. they were 
result of a failure, while a train was never brought into action ; indeed, after 
passing over it on the 24th of May, the accident, they were found to be 
1847, by which the train was precipi- uninjured. Many and conflicting opi- 
tated into the river from a height of nions were given at the inquest con- 
above SO feet, and several persons were ceming the cause of the fracture of one 
killed. The construction of this girder of the outside girders, which brought 
bridge, the largest erected of its kind, about the accident, the engineer of the 
was as follows : — ^there were three spans line contending that it was the result of 
of 98 feet each, the girders being 3 feet the tender, belonging to the locomotive 
9 inches deep and 109 feet long; each which drew the train, getting ofi" the 
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rails, striking the outside girder, and That one extends more than the other is 

breaking the thin rib between the very true, but when the truss-rod is 

flanges. If it was so, still the girder placed at a sufficient distance from the 

must have been defective, to give way neutral axis, they will extend greatly 

throc^h such a blow against it ; had the before they allow the girder to deflect 

tie-rods been under tension the shock at ^11. That the tension-rods should 

would have efiected only a momentary have a support independently of the 

extension, and the parts directly rec6- girder to assist it at all is shown to be a 

Tered themselves ; but the cast iron, rallacious idea, from the fact that if the 

already strained by the train upon it, girder could receive all the pressure as 

could not recover from the blow ; and a crushing efibrt it would be most safe, 

possibly the circumstance of its having owing to its great strength in resisting a 

been loaded with twenty wagons of force thus acting; but if the tie-rod* be 

ballast but an hour or two b^re the properly applied, as before stated, its 

train came up considerably strained the function is exactly such as to convert 

beam. It was stated that the girders the tensile into a crushing force on the 

were proved capable of supporting more beam, for when the load tends to deflect, 

than could be placed upon tbem, but it strains the rod first ; it exerts a corre- 

this plainly is an argument little to pur- sponding pull on the ends of the girder, 

pose ; testing weights are dead weights which tends to crush the latter, and, 

— they are applied gently, whether supposing the rod to be so strong, it 

actual weight or the hydraulic press is could not give way, except the cast iron 

used — but that is not to be compared were first crushed, 

with the rapid passage of train loads, (80.) The trussing of a cast-iron 

which produce a series of concussions girder for the sake of security, however 

at all times ; and besides these things, well effected, still appears like patching 

the continually-increasing brittleness of a piece of bad work ; and as prevention 

iron caused by vibration (art. 78) no is far better than cure, and the greatest 

doubt made these girders less able to safety is not to be exposed to danger, 

bear this impulsive rorce. many plans have been offered to the 

The bridge is now strengthened by public within the last few years for 

an under trussing of two struts and in- applying wrought iron alone in the 

termediate straining beam, similar to formation of girders; the early notions 

the method shown in^. 81. of this kind being to rivet an opposite 

Many girders of as many forms have pair of angle irons (n) to the top and 

been trussed by malleable-iron rods, in bottom of iron plates : the angle irons, 

a proper manner, varying in length from which are pieces bent at right angles, 

40 to 90 feet ; in some instances the thus formed an upper and lower flange 

cast-iron beam is very judiciously made similar to the cast-iron girder {fig, 88), 

of a curved form. In such a compound and, consequently, was the important 

girder, if the tie-rod is keyed up tightly, part of the girder — ^the plates serving 

there is a greater chance of the whole the purpose of keeping the flanges at a 

of the cast iron being brought into a distance from the neutral axis ; a fault, 

crushing pressure, the neutral axis pass- however, was committed in their con* 

ing between the beam and tie-rod ; struction from want of more information 

however, probably from the dislike fire* at the time — the bottom flange was 

quently evinced in practice to inquiring made considerably the larger. Mr. Fair- 

into the principles of anything under- bairn's experiments on the tubular 

taken, much objection, which will not bridges have since proved the ability 

stand before inquiry, has been offered of wrought or rolled iron to be above 

to any improvement on the simple twice as great, as crushing forces, to 

girder ; truss-rods have been denounced resist tensile, Ibr a solid girder ; so that 

m general terms as useless— for what the upper should be above twice as 

reason has not appeared ; again, the large in area as the lower flange, 

difference of expansion of cast and (81.) There are two forms of con» 

wrought iron has been urged, but this struction, one of which is, we brieve, 

difference is only 1 -2,460,000th of the at present a proposition, in immediate 

length, so that in the longest girder — the principle very closely allied to the ordi» 

Dee Bridge — the rods expanded by a nary girder;— one is that called the 

change of 30° of temperature l-OOth of lattice bridge, and the other an arrange* 

an inch more than the cast-iron beam I ment set forth by M. Busse, Tb« 
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lattice girder is analogooa to the wooden was so, or distributed OTer the surfaee, 

lattice bridges of Mr. J. Town, men* and whether it was the breaking weight, 

tionedat page 170; they are composed does not appear. M. fiusse supposed 

of lowtudinal upper and lower ties, that as his model was in cubic dimen* 

with thin bars of iron intervening, and sions 1-1 2th smaller than the intended 

crossing each other. There is a bridge spans, the latter would be in strength 

of this kind on the Dublin and Drogheda proportional to the cube; that is, the 

Railway, of 84 feet span, the kttice streneth of the fiiU-siced bridge miglit 

being 10 feet deep, and formed of flat be thus calculated, 2 tons x 12* as 

wrought-iron bars 2)> inches wide and 3456 tons. Upon such a supposition 

3-8ths of an inch thick; they cross each the inventor reckons that two trains of 

other at an inclination at an angle of heavy locomotives on each line (which 

45°, or so as to form the diagonal of a would weigh 144 tons) would be but 

square. The roadway is sustained at the twenty •fourth part of the load it 

about midway between the top and could carry : this, however, is certainly 

bottom of the lattice, upon cross beams not the case; the weight of the bridge 

two feet apart. truly increases as the cube of the sise. 

The bridge proposed by M. Busse is but the strength appears to be about as 

one wholly composed of wrought iron, the square : on this supposition his 

being, in effect, a trussed T girder. The bridge would have a strength of 

arrangement is intended for ravines or 2 x 12* =s 288 tons, which is equal, to 

other places inaccessible for erecting double the load of locomotive eneines 

centres, or building arches. Severed proposed as a maximum : the weight of 

girders, made up of two H pieces with the materials has first to be deducted 

two or three plates between them, from the above strengtii, which, there^ 

stretch from pier to pier, while as many fore, would give useful or available 

bars, linked together, pass underneath, strength somewhat less than the above 

and are kept at a distance below the amount. It may seem that such a caU 

girder by two pieces of iron acting like culation exhibits the bridge as inefficient; 

two legs,-^a screw joint in the middle but much depends upon the manner in 

giving opportunity to tighten this truss- which the model supported the two tons; 

rod at pleasure. Above the girder there if it was placed on or hung from the 

is a lattice work extending some 20 feet middle, the result is greatly modified ; 

in height, affording additional security; in that case the locomotives are not 

the inventor adopted it for another pur- equal in weight to one-half the strength, 

pose — that he might suspend a second because they are distributed over the 

roadway near the top of the lattice, thus whole length of the span, and such a 

making one way for railroad and another load is known to be equivalent in its 

for common road traffic. The piers are effects to one-half its weight, or 72 tons, 

another and more novel portion of his placed at the middle; then, as the 288 

proposed structure; they are arranged tons would represent a load placed at 

with a series of plates, meeting on edge, the middle, it would be equal to four 

and forming a kind of pyramid, about times the greatest probable load. M. 

one-fourth as broad at the base as it is fiusse is no imitator in applying wrought 

high. Piers or pillars of this description iron for supporting a bridge, if we may 

can be quickly built up, to heights of credit his remaik that he knew of no 

200 or 300 feet, while their weight is bridge having been previously built of 

small, and, if in rivers, they offer very wrought or rolled iron ; probably he 

little obstruction to the current. M. was not aware that experience had 

Busse designed has truss-work for open* brought many to use it some years 

ings or spans of 100 feet, and 24 feet before his invention appeared. It is, 

wide, with a series, of ^ve trussed nevertheless, from its simplici^ and 

girders ; and very properly submitted capabilities, well deserving attention, 
this idea to experiment, with a model (82.) At an early period of theintrov 

1-1 2th the size in every respect of duction of plate iron for girder-making, 

the intended bridge; so that it was the idea of tubular or hollow beams 

2 feet wide, and 100 inches, or 8 feet appears to have been developed, aU 

4 inches long. On this little bridge he though the construction of the early 

placed 40 cwt. or 2 tons, which indi- tubes does not evince the least attention 

cates considerable strength, if it was a as to the proper distribution of the 

load placed in the middle; whether it material. The great improvement in 
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these useful forms has been made by 
Mr. Fairbairn, who patented his inven- 
tion near the end of tlie year 1846. It 
was one of the results of his experi- 
mental inquiries to discover the best 
form of tube or girder for crossing the 
Conway River and Menai Straits, which 
he began during the previous year. It 
will be sufficient to describe the parts of 
tills new girder, without entering into 



the inquiry concerning its strength, as 
the subsequent detail of the experiments 
made for the tubular bridges will supply 
the information. The following figures 
exhibit a bridge erected on this principle 
over the River Trent at Gainsborough, 
for the Manchester, Sheffield, and Lin- 
colnshire Railway. There are two 
spans, each 154 feet wide, according to 
the elevation (Jig. 90), which is a side 



Fig. 90. 
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View, but presents an inclination to the 
€fireGt line of vision, owing to the 
oblique angle at which the line crosses 
the river. There are for each opening 
two girders, one on each side of the 
rails, with a width of 26 feet between 
them ; the peculiarity of their formation 
is shown in jfig. 91, and may be divided 
into three parts, the cellular top, sides, 
and double-pkited bottom. Bearing in 

Fig.gi. 





recollection the character of a load- 
supporting beam sustained at each end, 
we observe that the provision here 



made for resistance to crushing and 
tensile forces is the principal feature in 
the beam. Tiie upper side is composed 
of two rectangular cells or tubes, B B, 
of 36} inches total width, and their 
depth is 15 inches ; the plates are well 
united at the corners by rivets and 
angle-irons. The lower side c is simply 
a double thickness of plates, 36 inches 
in width, presenting a less sectional 
area to meet the force of tension than 
the upper cells to meet that of com- 
pression, according to the fact discovered 
by the inventor — that the rolled-iron 
structures can be crushed much more 
readily than torn asunder. The sides C, 
which serve principally to keep the 
parts in their intended form, are of thin 
plates, strengthened or stiffened on the 
inside with ribs rf of T iron. The whole 
is indeed, for the most part, a miniature 
representation of the celebrated tubular 
bridges. Between the gfrders extend 
cross-beams A of iron plate, and com- 
mon rectangular section, carrying longi- 
tudinal beams of wood, whereon the 
rails a are laid; these cross-beams are 
placed 4 feet apart. An addition is 
made to the external face of the girders 
in the shape of an arch, seen in the 
elevation and section at 6 ; it is professedly 
for mere ornament — ^to relieve the broad 
surface of plating ; as such it is but an 
incumbrance, but plainly it might be 
turned to use against compression. The 
following are the general measures of 
the girders : — 



Clear length . 
Whole depth 



154 feet. 
12 



»» 
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Depth of celb . . .1*25 feet. the railroad crosses it, is a deep and 
Total width of celb • ^ *• rapid stream, the level of the rails being 
Greneral width of girder 2^ „ little more than 20 feet above the water- 
Width of bottom plates 3 „ line, while the opening to extend across 
These girders are both light and strong, the whole current must be at least 400 
allowing but a small deflection with the feet ; an arch, therefore, which should 
heaviest loads ; one of 60 feet span and have the unheard-<^f span of 400 feet, 
6 feet deep was deflected only 0*4, or with only 20 feet rise, was out of the 
lesb than naif an inch, by the load of question. The straits also are, in many 
three heavy locomotives driven at a parts, very deep, with a rapid current ; 
slow and quick pace. The greatest the rail level, however, to within a few 
span hitherto erected with the tubular- feet of the shore, on the Carnarvon 
celled girder is 200 feet. side, is about 100 feet above the water ; 
(83.) All bridges where the upholding this would permit the rise of an arch, 
parts rest at eacn end on some supports, and it was proposed to venture two 
and sustain a roadway by compression enormous cast-iron arches, of 450 feet 
of the upper, and more or less tension span each, the middle abutment or pier 
of the lower side, are essentially girder being the Britannia rock, which is seen 
bridges ; their value is calculable on the at low water about midway between 
same mechanical principles, and they the shores. This project, though bold, 
must be treated with like care and is not equal to that of Mr. Telford, who 
adjustment. The chief value of the offered to replace old London Bridge 
girder, besides ease in construction, is by an iron arch 690 feet span; and 
the opportunity it affords for throwing a -there is no reason why it should not 
way across any open place without the have answered. The engineer was 
annoyance of a rise in the roadway, or compelled to abandon this idea,- owing 
blocking up a portion of the opening to the opposition of the Commissioners 
with heavy haunches or spandrels, which of the Admiralty, who required a clear 
occurs generally in arches. In addition way above high water of 105 feet, that 
to these inconveniences, there is the vessels might freely sail under it. As a 
erection of piers at intervals, probably suspension bridge had been found to be 
of not more than 90 or 100 feet, because quite inapplicable to railway traffic, 
of the otherwise great rise of the arch owing to the great undulation during 
at its crown, even ill the elliptical or the passing of a train, some untried 
flat curve ; but where girders such as means of obtaining supports for open- 
the last mentioned can be applied to ings of 450 feet had to be discovered, 
the extent of 200 fbet span, much of Mr. Stephenson, the engineer of the 
the labour of constructing foundations line, then considered the possibility of 
for piers is avoided. The value of a adopting a modified suspension bridge — 
girder form of support, in all these or a tube of a circular or oval form, 
respects, has received a remarkable through which the trains were to run, 
exempliflcation in the celebrated and, with side-suspending chains; thus, while 
at present, most gigantic tubular bridges, the chains gave support, the tube would 
over the M^nai Straits and the Conway impart that rigidity to the roadway 
River, It was a most fortunate circum- which is requisite. Under these cir- 
stance for science that these structures cumstances the matter was referred to 
had to be designed and erected, — the Mr. Fairbairn, who proposed a self- 
series of experiments undertaken in supportingtube,founded on the efficiency 
order to discover a means of passing ofsteam vessels, made of thin iron plates, 
over a wide and deep river ancf strait, to support loads in them without in- 
without obstructing waterway or mari- jury*. From this time (April, 1845) a 
time traffic (even for any length of time), series of most interesting experiments 
having enlightened us greatly con- were conducted by Mr. Fairbairn to 

cerning the character and capabilities of ■ 

malleable iron, when in plates riveted » , , ., , ^ , ^ ., 

together, The Chester and Holyhead ^ ^? the evidence before the Railway 

Railway, amongst other difficulties, in ^f°>?^»^*«« • A%m''T •''^ -^TTI'^v'' 

:«.- ««.,!«« 4.U u XT *i \XT 1 u J Stephengonsaid that Mr. Fairbaim had told him 

Its course through North Wales, had he ias building an iron vessel, 220 feet lonir 

to pass over the River Conway and which, when finished, should, being supported 

Menal btraitsi the river at Conway, at each end only, carry a weight of lOoo tons 

which is close tq its mouth, and where of machinery in the middle. 
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determine the best shape of tube, and 
best distribution of the material. 

It is impossible to enter into the 
whole series of inquiries, with notices 
of the fears, failings, and successes, in 
all cases interesting and instructive, 
which attended the earlier stages of the 
proceeding*; we shall, therefore, give a 
short notice of the order of experiment. 



showing the principal steps in develop- 
ing the magnificent result. 

(84.) The operations first undertaken 
were on cylindrical tubes of thin iron 
plate, the tubes A during the trials being 
supported, at each end, on firm blocks B, 
{fig, 92,) which were cut out so as to 
give the tube more bearing than the flat 
surface could offer; a hole was also 




Fig. 92. 




made midway between the ends of the riments were made on cylindrical tubes, 
tube, that the trial weights D might be the general numerical results of which 
suspended from the inside. Nine expe- are shown in the following table : — 



No. of Ex- 
pGriment. 

1 
2 
8 
4 
5 
6 
7 
8 
9 



Distanoe 

between 

supports. 

ft. in. 

17 
17 

16 7i 
23 5 
23 6 
23 5 
81 3^ 
81 3i 
81 3i 



Tablb I. 



Diameter. 

in. 

12-18 

1200 

12-40 

18-26 

17-68 

1818 

24-00 

24-30 

24-20 



Thickness 
of plate. 

in. 
•0408 
•0370 
•1130 
•0582 
•0631 
•1190 
•0954 
•1350 
•0980 



Ultimate 
deflection, 
in. 

•39 

'^^ 
1-29 

•56 

•74 . 
1-19 

•63 

•95 

•72 



Remarks. 



Breaking 

weight, 
lbs. 

8,040 Crushed top. 

2,704 Crushed top. 
11,440 Tom asunder at bottom. 

6,400 

6,400 
14,240 

9,760 
14,240 
10.880 



>t 
ft 
tt 

99 
99 



J» 



99 



>» 



The first and second experiments course of each experiment — ^the sue- 

indicated the greater weakness of the cessive alterations in appearance and in 

top, while the remaining seven were deflection which attended the addition 

torn asunder at the bottom. That the of weight. One very objectionable 

former should have readily puckered is character of the circular tubes proved 

not surprising when the tnickness of to be their tendency to change of shape 

the plate is remembered ; for a tube of under pressure — ^the sides collapsing, 

17 feet long and one foot in diameter, a and, of course, pushing the top and 

thickness of material about 1 •25th of an bottom farther apart; and, unless cir- 

inch is surprisingly small ; the thicker cular blocks were fitted in at each end 

plates, in tne subsequent experiments, of the tube, the ends became flattened, 

successfully resisted the crusning pres- the sides spread out, while, in the 

The first of the second class middle, they were forced towards each 



sure. . , 

(Exp. 4) was torn across the middle, at other, showing very little stiffness ; 

the place where the hole was made for this weakens the whole tube, while it 

the suspension of the weights ; all the partially accounts for their inferior 

others gave way at the rivet joints, amount of deflection in comparison 

The nature of the results in these trials with the subsequently - tried forms, 

is more clearly observable from the With the heavier weights, therefore, 

these tubes are rather to be considered 

"~~ "■ as elliptical, or oval, than circular. 

• See « An Account of the Construction of ^These experiments, while they afford 

the Britannia and Conway Tubular Bridges, abundant evidence of the powers of 

by W. Fairbairn, C.B., &€.," which supplies ua wrought-iron tubes for the purpose 

with the whole history of this investigation. designed, show the impropriety of a 
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circular form. Mr. Fairbairn then pro- several experiments, obtained the fol- 
ceeded with elliptical tubes, and, by lowing results :— 



Tablb II. 



No.of Ex> 
periment. 

20 
21 
22 
24 



Dlstuiee 
between 
■upporta. 

ft. in. 

17 

24 
24 

18 6 
17 6 



Diameten. 

in. 
r 14-62 
"^ 9-26 
21-66 
ia-50 
21-25 
" 1412 J" 
12-00 
7-50 



} 

r 15-001 

I 9-75/ 



\ 



Thickness 
of platen 


Ultimate 
deflection. 


in. 
•0416 


in. 

•607 


•1810 


1-85 


•0688 


•45 


•0733 


•95 


•1430 


1-89 



Brealiing 
weiglit. 



Remarki. 



In four out of the five trials these 
tubes gave way by compression ; in the 
22nd experiment the top of the tube 
was strengthened by a fin a, which 
extended the whole length; but the 

Fig. 93. 




result proved it to be of little service, 
as will be noticed by comparing this 
tube with the 24th experiment, where 
a tube a foot shorter, with less than 
twice the thickness of plate, and no 
additional strengtlientng, bore nearly 
2*2 times the weight. On the wliole, 
these figures argue favourably for ellip- 
tical tubes: the 19th experiment, with a 
tube equal in length and quantity of 
material to the cylindrical tube in Exp. 1, 
Certainly sustained little more than 
two-thirds of the latter tube before it 
was crushed at the top, but it contrasts 
also strongly with the 24th experiment, 
where, with very nearly the same dia- 
meters, rather greater length, and not 
quite 3i times the thickness of metal, 
almost 7J times the weight was borne. 
The remainder, however, testify in 
favour of the elliptical form ; although 
stiffness appeared to be yet wanting, 
and the upper parts were too weak to 
(>revent crushing. 

Some time before these latter experi- 
ments, and, indeed, at the outset of the 
inquiry, Mr. Fairbairn perceived the 
disadvantage of any curved forms ; the 
results of trials with a few cylindrical 
tubes Ailly established this opinion ; the 



lbs. 
2,100 Cmsbed top. 

17,076 Tom asunder at bottom. 

7,714 Top doubled up. 

6 867 / ^'^ ^°^ ^^ '^ ^" ^^ 
* \ the top, which gave way. 

15,000 Both sides ruptured. 

rectangular section offered itself as the 
best shape for general strength and stiff- 
ness, and it is not a little remarkable 
that, soon after several experiments on 
rectangular tubes had been made, Mr. 
Fairbairn sketched as the probable form 
which the tube would finally assume, 
nearly the exact shape and arrangements 
actually presented by the bridges them- 
selves. At first a common tube 9*6 
inches square and 17^ feet long was 
tried, the thickness of the plates at the 
top being '075 inch; the bottom and 
sides •0743, or a little less, the whole 
weight of the tube being 202 lbs.; this 
tube deflected about *037 of an inch for 
every hundredweight, until 3738 lbs. 
were laid on, when it yielded, the top 
doubling up, and the side bulging close 
by. The same tube had a thidcer plate 
= *252, or above a quarter of an inch, 
put on the top ; then it required 
8273 lbs. to injure it, when a joint at 
the bottom side was torn, near to the 
place where the weights were suspended. 
This experiment plainly indicated that 
the material could better resist tension 
than compression; it was, howeveir, 
more strikingly shown in the next trial ; 
the tube being in dimensions as follows: 
-^17^ feet between supports, 9*6 inches 
square; thickness of the plates — top, 
•0757 inch; bottom, '142 inch; sides 
equal to the top ; thus the bottom side 
was twice the thickness of the top. 
When the tube had deflected 0^94 of an 
inch (by a weight of 3788 lbs.) the top 
plates could no longer stand the pres- 
sure, and doubled up in two places near 
the middle. The same tube was then 
laid with the thick side uppermost, 
when it bore a load of 7148 lbs., also 
a deflection of an inch and three quarters 
before yielding, and then by extension — 
thus the power 6f support was increased 
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7148— 3788 = 3360 lbs., or nearly as the same treatment with another tube, 

much again, by simply turning ihe tube the results of which, with all the expe- 

upside down I afterwards more than riments on rectangular forms, are afaown 

double the atreDgth wa* obtained by in tlie following Isble: — 



S,78(j Braksbycc 

8,3TB (BeverMd). J 
S,T88 CompTMiian. 
7,118 (B«vsiKd). 1 
a,312 Compreuion. 
"'°° jEeversed). CompiMi", 
CampiUHDti. 

8,812 „ fin on lap. 
'",*69 „ comigawd top. 

By reversing the tube in Experiment long, two supportB being placfld 18 feet 
16, a weight of nearly 12,188 lbs. was apart, so as to allow of a portion oT 
sustained ; but as the tube still yielded tube extending beyond them to balance 
to the crushing force, a stronger plate the middle span of 18 feet; the lower 
was riveted to the top, when the load side was horizontal while the upper was 
was increased to 13,867 lbs., and after curved, givinz a depth of tube in the 
bearing it some minutes the plates were middle of 13^ inches, but at the two 
torn asunder at the rivets, 4 feet from supports 17i inches. The result of a 
the middle. Another character deve- trial proved the impraclicability of this 
loped in this experiment was the supe- idea, the top still buckling up ; yet the 
rior value of greater depth than width ; experiment showed that the effect of 
this tube was less wide than the former, the two portions of tube beyood the 
but nearly twice as deep. These expe- supports or piers was to relieve the 
riments were such as to inspire con- middle part of some of its weight — a 
fidence in proceeding with the inquiry, circumstance which has beea turned to 
at the same time that they pointed out account in the Britannia Bridge. From 
several practical paints of interest and the insufficient stiffness of the fin on 
guidance. In Experiment 17, the depth the top of the elliptical tube, Mr. Fair- 
was above six times the breadth of the bairn was led to try another compound 
tube, with top and bottom plates of top, sliown in the section. Jig. 94, the 
equal thickness, sustaining a weight of two plates of the upper side being bent 
nearly 8 tons, with a surprising dettec- out to form two cavities or tubes a a, 
tion of above Scinches ; as might have extending along the tube; with tim 
been expected, the tube yielded to com- 
pression. A trial was made in this fig- 94. 
experiment to prove the enduring power 
of the tube — when the load had been 
increased to 14,240 lbs., it was allowed 
to remain on all the night ; but the only 
effect was to increase the deflection 
from 1| inch — when the weight was 
at first suspended— to 2 inclies, or 
merely a quarter of an inch, and when 
this load was lifted off the tube it was 

foond to have lost little of its elastic corrugated top Exp. 29 was made, the 

power. upper plates being each '115 inch thick. 

An idea arose in consequence of the or -230 together, the bottom -180 inch, 

continual buckling of the top plate by and the sides 070, or about l-Uth of 

compression, to bring, if possible, the an inch. Tlie little tubes a a were I'OJt 

top side into a state of tension, for inch in diameter, or about !-9th the 

which purpose Experiment 18 was de- depth of the tube. On comparing tliis 

signed} the tube was 37 feet 8 inches tube with No. !7 in the table, its sQpe- 
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riority is manifest ; allowins for the dif- 
ference of length between the supports, 
and the top and bottom being very 
nearly the same distance in both tubes 
from the neutral axis, we have a break- 
ing load for No. 17 a little less than for 
No. 29 ; but in the former the plates of 
top and bottom were each *260 of an 
inch ; in the latter -230 at top and -180 
at bottom : the former tube being above 
one-fifth greater in weight than the 
latter. Moreover, No. 17 gave way by 
compression, while No. 29 failed only 
in consequence of the sides tearing 
away. This satisfactory experiment 
showed an approaching adjustment in 
the thickness of the plates; for just 
"previous to the tearing of the sides from 
the top at the rivets, that part had 
begun to assume a sliehtly-undulating 
appearance on one side, arising from 
the weakness of the side plate, which 
gave way near the shackle [where the 
we^ht was suspended]. This was not 
the only part that suffered under the 
strain, as the opposite side was tearing 
from the bottom plate at the same time, 
evidently showing a rapid approach to 
rupture on both the lower and upper 
sides of the tube."* 

(85.) At this period of the investiga* 
tion all the results were collected and 
made up into a report, which was laid 
before the directors of the company. At 
the same time Mr. £. Hodgkinson, 
whose assistance had been given in the 
inquiry, made a reduction of several of 
the experiments, showing the resistance 
per square inch (in section) offered by 
the different tubes at the time of rupture. 
These results it will be interestmg to 
notice, although from the different be- 
haviour of some experiments to that 
supposed in theory, and the complex 
arrangements of other tubes, the results 
do not confirm or deny, to any great 
practical value, the experimentally, found 
form of tube for this special purpose. 

" Cylindrical Tubet. 

The strength of a cylindrical tube 
supported at both ends, and loaded in 
the middle, is expressed by the formula 



/^the force sustained by one 
square inch of section at the 
top and bottom of the tube. 

tcr = the breaking weight (including 
half the weight of the tube). 

IT = 3- 14 159. 

From the above formula we find f-~^ 
the force borne per square inch to be 

- wlr 

Computing the resulu given in the 
first table on cylindrical tubes, we find 
the following values : — 

Exp. 1, /=s 33456^ 

2, /ss 33426 

3, /= 35462 

i :f=8wl)Mj«. 29887 lb.. 
^ *>• ^^^^^1 ^ 13*34 tons. 



>» 



»» 



»» 



t» 



>» 



»» 



>> 



>« 



6, /=s 33869 1 

7, /= 22528 

8, /ss 22625 

9, /= 25095/ 

Fracture in all cases took place either 
by the tube failing at the top, or tearing 
across at the rivet-holes ; this happened 
on an average, as appears from the 
above, when the plates were strained 
13^ tons per square inch, or little more 
tlum half its full tensile strength. 

" Elliptical Tubes. 

The value of / in an elliptical tube, 
the transverse axis being vertical, is found 
by the following formula :— 

^^ tola 

where </, </| are the semi-transverse ex- 
ternal and internal diameters ; 6, b^ the 
semi-conjugate external and internal dia- 
meters ; and the rest as before. Com- 
puting the results from Mr. Fairbaim's 
experiments, we have from 

lbs. 

^"••iM-lm'i Mean 370891b.. 
•• ^::f=«l^j =»«•** ton.. 



»» 



to 



a i • 



where / s= distance between the sup- 
ports, 
a, a^ s= the external and internal 
radii of the tube. 

• Fairbaim's " Account/* &c., p. 247. 



<* Rectangular Tubes* 

If in a rectangular tube, employed as 
a beam, the thickness on the top and 
bottom be equal, and the sides are of 
any thickness at pleasure, we have 

Swld 
•^"^ 2 {b d*—b, d,^y 

d^d^ representing the external and in- 
ternal depths respectively ; 6, b^ the ex- 
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ternal and internal breadths; the rest 
being as before. 

Exp. 14 gives by reduction— 

/5=18,495 lbs. = 8-2566 tons. 

This is however much below the 
yalue which some of my own experi- 
ments give, as will be seen further on. 

The value of/, which represents the 
strain upon the top or bottom of the 
tube when it gives way, is the quantity 
per square inch which the material will 
bear either before it becomes crushed 
at the upper side or torn asunder at the 
bottom. But it has been mentioned 
before that thin sheets of iron take a 
corrugated form with a much less pressure 
than would be required to tear them 
asunder; and therefore the value of/ 
as obtained from the preceding experi- 
ments, is generally the resistance of the 
material to crushing, and would have 
been so in every instance, if the plates 
on the bottom side (subjected to tension) 



had not been rendered weaker by rivet* 
ing. 

The experiments made by myself 
were directed principally to two ob^ 
jects, — 

1 . To ascertain how far this value of 
/ would be affected by changing the 
thickness of metal, the other dimensions 
of the tube being the same. 

2. To obtain the strength of tubes, 
precisely similar to other tubes fixed 
on, — but proportionately less than the 
former in all their dimensions, as length, 
breadth, and thickness, — in order to 
enable us to reason as to strength from 
one size to another, with more certainty 
than hitherto, as mentioned before. 
Another object, not far pursued, was to 
seek for the proper proportion of metal 
in the top and bottom of the tube. 
Much more is required in this direction. 

In the three series of experiments 
made, the tubes were rectangular^ and 
the dimensions and other values given 
below« 



No. of 
Experi- 
ments. 


Distance 

between 

8in>port8. 


Depth of 
tube. 


Breadth of 
tubes. 


Thickness of 
plates. 


Breaking 
weight. 


Value of/ 

for crushing 

force. 




in. 




In. 




in. 


tons. 


tons. 


1 


80 





24 


nearly. 


16] 


Dearly. 


0-525 


57-5 


1917 


2 


30 





24 


ti 


16 


ft 


•272 


22-76 


14-47 


8 


80 





24 


f» 


16 


99 


•124 


5-53 

lbs. 

9-976 


7-74 


4 


7 


6 


6 


>• 


4 


ft 


•132 


23-17 


5 


7 


6 


6 


tt 


4 


n 


•065 


3-156 


15-31 


6 


8 


9 


8 


it 


2 


if 


•061 


2-464 


24-56 


7 


9 


9 


8 


>9 


2 


ft 


•030 


•672 


13-42 



The value of/ is usually constant in 
questions on the strength of bodies of 
the same nature, and represents the 
tensile strength of the material ; but it 
appears from these experiments that it 
18 variable in tubes, and represents their 
power to resist crippling. It depends 
upon the thickness of the matter in the 
tubes, when the depth or diameter is 
the same ; or upon the thickness divided 
by the depth when the latter varies. 
The determination of the value of/ 
which can only be obtained by experi- 
ment, forms the chief obstacle to obtain- 
ing a formula, for the strength may be 
made as in the ' Application de Meca- 
nique ' of Navier, part L art. 4, or as 
in papers of my own in the * Memoirs 
of the Literary and Philosophical Society 
of Manchester,' vols. 4 and 5, second 
series. In the last table of experi- 
ments, the tubes were devised to lessen 
or to avoid the anomalies which riveting 
introduces, in order to render the pro- 
perties sought for more obvious. Hence 



the results are somewhat higher than 
those which would be obtained by rivet- 
ing as generally applied. 

The tube 31 feet 6 inches long, and 
•272 inch in thickness of plates, was 
broken by crushing at the top. This 
tube was afterwards made straight, and 
had its weak top replaced by one of a 
calculated thickness, and by this small 
addition of metal applied in proper pro- 
portions to the we^est part, the tube 
was increased in strength from 22*75 
tons to 32*53 tons, and the top and 
bottom gave way together." 

This report, while it points out several 
interesting facts, shows of what little 
utility known theoretical principles were 
to the subject under discussion. It 
points out a superiority of the cy» 
lindrical and elliptical over the rectan- 
gular tubes ; but this is not practically 
true when the experiments are examined, 
for it will be remembered that, long 
before breaking, the curved tubes greatly 
changed their shape, evincing their un. 
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fitness for useful purposes ; so that the periment 29, Table IIL, or in a tubular 
real strength of the tube, usefully con- form ; thus Mr. Hodgkinson recom- 
sidered, is that which it could bear with- mended that suspension chains be used 
out change of shape ; this failing is as an auxiliary in supporting the tube, 
not exhibited in the rectangular form, because otherwise- great thickness of 
Again, the calculation according to the metal would be required to produce 
equation for rectangular tubes supposes sufficient stiffhess and strength ; never- 
the thickness of top and bottom to be theless, the tubes are now up, with- 
equal, a condition the experiments have standing heavy gales and the pressure 
abundantly shown to be disadvantageous of heavy loads, without suspension 
for obtaining the strength of all the chains, and the thickness of the plates 
materia], and finds the value of/ in Ex- little more tluin that of the small tubes 
periment 14 to be only 8^ tons, but we used by Mr. Hodgkinson in his ex- 
observe in Experiment 14 a, which was perimentsi 

with the same tube, but a stronger top (86.) The investigation had now eli- 

plate, more than double the strength cited facts and principles allowing of 

was gained. Such a case is, however, not a serious consideration respecting ' the 

contemplated in the above equation for probable ultimate form and other con- 

the rectangular tube. Mr. Hodgkinson's ditions of the tubes which should span 

experiments show that as the thickness of the river Conway and Menai Straits. 

metal is greater, so the value of/, or the From* a contemplation of the experiments 

force borne per square inch, increased, on rectangular tubes, Mr. Fairbaim pro- 

which evidently happens in consequence ceeded to discuss the proportions of a 

of the superior stiffness of the thick tube of 400 feet span; he compared the 

plates; but all this is more than gained top and bottom areas of the tufc^s in the 

with their top plates disposed as in Ex- following cases : — 



Experiment. 


Area of top 
in inches. 


15 


0*142 


16 


0-269 


29 


0-280 



Area of bottom 


VS ^A.£.^ 


in inches. 


Ratio. 


0075 


1-893:1 


0-149 


1-806:1 


0-180 


1-278:1 



Mean 



. 0-213 



0-135 



1-659:1 



or very nearly as 10 to 6; in Nos. 15 
and 16, the top area is much greater in 
proportion to the bottom than in the 
last experiment, but the latter proved 
to be nearest to tlie proper ratio. Thus, 



must be found by experiment. This 
was conveniently afforded by Experi- 
ment 29, where it appears the bottom 
area was nearly 2 inches, the depth 
\5i inches, the length 19 x 12 = 228 



reckoning that the top of the 400 feet inches, and the breaking weight was 
tube would present an area of 655 square 22,469 lbs. := 10 tons, and a very small 
inches in section, the bottom would be fraction over ; then S will be equal to 
665 X 64 .«^ ^ . 1 . , the length and breaking weight multi- 
j^g— sr 426-6 mches in area ; by pu^j together, divided by the product 

the arrangement of the plates it was of the area and depth, or 
found to be a little more — 441*5 inches, 
and with this preliminary step, the pro- 
bable strength of the great tube could 

be calculated from the known rule for We can now find the breaking weight 

obtaining the strength of a beam of any for the tube, which will be = 
known length and depth (in inches). 



^__228X10_ 



with a given area of the bottom side. 
The breaking weight is then found 
thus : — 

Breakmg weight = g^j^ ; 



441-5 X 312 X 74 
4800 



2123 tons, 



the Toad which would be required, ac^ 
cording to this calculation, to break> a 
tube of 400 feet span, and 26 feet (ss 
the quantity S representing the specific 312 inches) deep, the width being taken 
strength of any particular form of beam, at 15 feet. The admirable strength 
or disposal of material^ which of course thus predicted from experiment was. 
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-verified in the first Conway tube of 
400 feet span. 

(87.) Although the results we have 
detailed were calculated to give thorough 
confidence as to (he safety of the new 
bridge, a little more investigation was 
deemed requisite to determine the pro- 
portions of the parts, on a larger scale ; 
ti tube, one-sixth of the dimensions 
purposed for the Britannia Bridge, was 
therefore constructed, and a few valu- 
able and most conclusive trials of its 
strength were made. This model tube 
was 75 feet long between the supports, 
4^ feet deep in the middle, and 2 feet 
11 inches wide, and of the following 
• figure in section ; namely, six cells or 
tubes in the top, and a plate as before 
for the bottom ; the partition pieces 
dividing the top into cells were firmly 
attached to the upper and lower hori- 
zontal plates by angle-irons 8een in the 
corners ; the sides were strengthened 
by a line of angle-iron i, which was 
riveted to them in a curved shape, 
touching the under side of the cells at 



the middle, but descending to the bottom 
at each end. The cross-bar a a, laying 
on the bottom plate, and projecting 
beyond the sides, carried a scale for 

Fig. 95. 



p— «a 



1 



IL. 




weights by the vertical rods. It will 
be interesting to notice the results of 
each experiment. 



No. of 


Thickness of plates. 


Area of section. 


Ultimate 


Experiment. 


Top. Bottom. 


Top. Bottom. 


deflexion. 




in. in. 


in. in. 


in. 


33 


•147 -180 


24-024 8-80 


4*50 


34 


•147 -156 


24-024 12-80 


4-40 


- 35 


• • • %m% 


24-024 12-80 


6-79 


86 - 


■ •• • •• • 


24-024 17-80 


4-94 


40 


• • » ■ •» 


24-024 22-45 


3-86 


41 


• • • • f • 


24-024 22-46 


4-89 



Breaking 

weight. 

lbs. 

79,578 

97,102 

126,128 

148,129 

15.4,452 

192/892 



Remarks. 

Tom asunder. 
One end twisted. 
Tom asunder. 
Tom asunder. 
Tom asunder. 
Top doubled up. 



The bottom side had an area at first 
of nearly one-third that of the top, 
which is not according to the ratio of 10 
to 6 given in the last article, in order 
that the bottom might be successively 
altered until the top was crushed, which 
would of course show the limit, as it 
does in the last experiment. The de- 
flexions increased but a small amount 
when the weights were left suspended 
for any length of time, which, with the 
fact that some time generally elapsed, 
when the last weight was added, before 
rupture occurred, is a great recommenda- 
tion as regards safety. The failing of 
the tube in the 34th trial was not owing 
to insufficient strength in the bottom or 
top, but want of stiffness in the sides, 
a casualty afterwards well provided 
against; after a x had been placed 
in at each end, the great superiority of 
strength from the increase of the bottom 
area from 8-8 to 12*8 inches, shows 
that the proper proportion was being 



rapidly attained. In the next. Experi- 
ment 36, .the thickness of the bottom 
plate was increased to about double that 
in the first trial, without, however, real- 
izing quite double the strength ; but it 
must be recollected that the tube had 
undergone severe strains in the breaking 
of the former bottom plates. The area 
of the bottom side being now augmented 
to nearly 22^ inches, two experiments 
were made, one in which the elastic 
power of the tube was observed, and 
another to obtain information as to the 
effect of a strong wind upon the tube ; 
for the latter purpose it was laid on one 
side, and the weights suspended from 
the upper side ; it was deflected in the 
jmiddle 0-85 of an inch by its own weight 
(5 tons 16J cwt.), and only 2*36 inches 
more on loading it with nearly 12 tons, 
or '85 -f 2-36 = 3-21 inches altogether; 
but the elastic power of the tube was 
so unimpaired, that on setting it up in 
its proper position, it returned to within 
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one^ienikqfan ineii of iu former figure*. The desired result was now attained — 
When the tube was restored to its po- the proportion of area was found— «nd 
sition, a weisht was allowed to remain the labour of experiment ended, 
for seyeral days, constituting Experi- These investigations with the model 
ment 39 ; afterwards additional weights tube are extremely instructive and deci- 
were suspended until it again broke by sive ; they point out the necessary con- 
tension, the greater bottom area ap- ditions to be observed in building the 
pearins to effect little improvement; but great tubes, the sources of failing, and 
m reality the area at the part which how to guard against them. Not a 
was torn was only 8*8 inches, the place little important is the elastic power ex- 
of rupture being as before near (21*6 hibited during the experiments, when 
inches) to the middle where the weights loads, near to the breaking weight, had 
were bung; after repairs. Experiment been laid on the platform, left on for 
41 was made, when tne great weight of some time, and effected a consider- 
86^ tons was heaped on this model be- able deflection. The three following 
fore it yielded, which was by the tubular instances show a very great preservation 
top puckering at 2 feet from the middle, of elasticity : — 

Experiment. Weight in tone. 

88 80| 

87 58| 

88 12 

In the second instance the weight of sidered that a beam should be loaded 

58| tons was gradually removed, while only with about one- third of the break- 

the tube recovered itself within less than ing load, to be safe, the elastic limit 

half an inch; in Experiment 38 the being supposed to extend thus far; 

tube was on its side. So small a de- more accurate practical information, 

fection in the resilient power of this however, has shown that the idea of an 

tube, when pressed by such great elastic limit is an assumption not borne 

weights, said much for the durability of out by experiment, as any weight affects 

the intended bridge. Connected with the elasticity to some extent ; the fol- 

this feature of the malleable iron tube is lowing examples prove the greater en- 

that of its admirable behaviour under a during powers of the material : — 
long-continued strain. It has been con- 



Time left on. 


Final deflection. 


Lonofelaetidty 




in. 


in. 


All night 


8^425 


•806 


18 houn. 


8-850 


•480 


Some hours. 


2*500 


about *100 



Experiment 

83 
84 
86 


Weight in tons. 

251 
20i 
45 


Parts of 
brealiing weight. 

ft 

^ nearly. 
1 


Time left on. 
h. m. 

1 

16 

21 


Incraaaeof 
deflection, 
in. 

•15 

none. 

none. 


89 


60^ 


11 


9 days. 


•05 



Thus the same tube, after being sub- specific strength (74) exhibited by the 

jected to the previous trials — pulled, corrugated tube, it was found that the 

pushed, torn, crushed, mended, and re- model tube answered very well to the 

mended, bore in Experiment 89 nearly predicted strength ; for, trying with the 

9-lOths of the breaking weight for nine d4th Experiment, we have the breaking 

days and nights, with an insignificant load, according to calculation, 

alteration of l.20th of an inch. To 74 ^ i2^8 x 54 

such tests as these the real bridge could ^^ = 54*83 tons ; 

never be subjected in ordinary practice. ^"" 

(88.) After collecting all these data, in the actual experiment 56*3 tons were 
the question was what would be the laid on before rupture, or rather more 
probable strength of the great tubes than the anticipated strength. Mr. 
themselves; taking the method of cal- Hodgkinson, considering 12 tons per 
culation given at page 190, with the square inch to be the strength of the 
tube, conaluded its strength would be 

* Of the appUcation of this experiment to j^^. ^.^ns, which, deducting one-third 

determining the effect of a strong wind, we '^r joints and nvets, reduced it to 

shall have opportunity to remark in the de* 990 tons ; then subtracting the weight 

scription of the bridge. of the tube— 450 tons, 540 tons would 
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remain for work, or double that amount giving a somewhat smaller proportion 

spread over the length of the tube (as a for the bottom side than that of the 

train load would be), finally leaving 640 model tube in Experiment 41, which 

tons to resist any strains, blows, and is nearly 24 to 22f : this would make 

vibration. Safety would be equiyocal the bottom area 529 instead of 500 

with such nice proportions of strength square inches. 

and load ; but, fortunately, Mr. H. had (89.) The construction of the tubes 
taken a low estimate of the strength,—- now rapidly proceeded on the banks of 
14 tons being admissible. Again, the the river Conway ^nd the Carnarvon 
superior riveting adopted by Mr. Fair- shore of the Menai strait ; we shall 
bairn required an allowance of about not, however, enter into the details of 
one-seventh instead of one-third the the Conway tubes, since they are similar 
strength. These improved views of the in all respects to the Britannia tubes, 
tube's good qualities brought its actual but not quite so large, neither are the 
strength up to 1009 tons in the middle, circumstances of their erection equally 
instead of 540, or above four times remarkable with the latter : in describ- 
stronger than requisite for supporting ing the Britannia tubes, both will be 
the greatest probable load. It became explained. Before so doing, however, 
also a consideration whether the top one or two remarks are necessary 
should be a double or single row of on some observations eagerly made, 
square tubes, or cylindrical tubes, for when the first great tube was completed, 
the investigations of Mr. Hodgkinson and lay on its supports ready for floating 
proved that while cylindrical tubes to its destined position. They relate to 
showed a strength of 18 tons to the the deflection under proving loads, in- 
square inch, rectangular only attained dicating the probable breaking weight ; 
from 12 to 14 tons; the requirements the effect of the wind impinging on the 
of practice, however, soon decided in side of the tube ; and the consequence 
favour of the rectangular form, which, of expansion through increase of tem- 
indeed, was much stronger than the perature. 

preceding statement supposes, owing to Mr. Fairfoaim thus gives the trial of 

the addition of angle-iron at each comer, strength on the great tube : — 
as shown in the following sections. The 

parts of the first Conway tube were now a sxpeeiment xlii. 
proposed, its length being 424 feet, depth 

at middle 26 feet, and width 15 feet; <* Rectangular tube 412 feet long, 25 

the row of cells on the top 1 foot 8^ feet 6 inches deep in the middle, 15 feet 

inches square, and eight in number, the jwide, and 400 feet between the sup- 

plates bemg | of an inch thick ; the hot- ports. 



tom side to be a row of six cells, with 
the floor-plates of double thickness. The 
areas were thus to be — 

Of the top . 565 square inches. 

Of the bottom 500 „ 

Of the sides . 259 square inches; 



Area of top . . 670 inches. 
Area of bottom. 517 »» 

Computed weight of tube, including 
rails and cast-iron frames at the ends, 
1300 tons. 



Naof 
Experiment. 

2 
8 
4 
5 



Weight, 
tons. 



95 

154 

201 

801 



Deflectioo. 
in. 

7-91 

9-02 

9-50 

10-50 

10-95 



Remaiks. 
Tke weight of the tube gave a deflection of 
neaily 8 inches : 95 tons left in the inside lor 
4 hours increased it firam 9*02 to 9-25 inches, or 
*28 of an inch. This weight lefit on for 17 hours 
further increased it 0*10 of an inch.'* 



It must be borne in mind that the 
weights were not all at the middle ; the 
first (95 tons) was distributed over a 
surface of 70 feet at the middle; the 
second over 105 feet; the third over 
150 feet; and the last over 190 feet. 
Taking these deflections, and com- 
paring them with the ultimate deflection 
of the model tube in Experiment 41, it 
jqppears (as the ultimate deflections are 



as the lengths of the tubes) that this 
large tube would bend 29^ inches before 
breaking, and to effect this a weight of 
2200 tons would be requisite, which 
consequently represents the strength of 
this tube somewhat above the highest 
amount presupposed. 

Efect of fTiW.— When the tube wa« 
completed, and a short time before its 
removal to the piers, a severe gale from 

o 



\ 
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the K»w. blew against-ibe . Aide at apr in- . proper beeria^ lOO ifae .pieis. *3lr. .Ste- 

ffUnatioa of about ^t orofttii^ an oaelJ- pbonson proposed .« tbain ib? Hl^, «iilh 

kling motion, :witU a lateral Reflection a .rail«»^ along it, xon ^«ihi<h tbe tj^ite 

of-near^ 0. quarter of ,an moli;swhen ^^ighttbe drawn tacreas. To this, ^mfo 

tbe wind came in gu9ts, which, if their ^i^ieotionsviaimmgit otbevs, are »erioi»8 : 

recurrence is regular, like.lhe b^ata.of «T<4be.{daoger «f any<09eiUatiqg motion 

a^^ndnlum. are jmwt trying. on. a^body dahiiotbo^ubeewight-be moitiiigaloDg ibe 

ir^e to vibiyite, ibe^e. effect ^d not ^iiapanded platfocn)*«-tMid tbe gfeatt«Q3t 

increase .aboiire >a iquaftar pf an inOb- ^ aiioh;a wosfc^tcaniideriogjit winld.be 

AkhoMgh tiyd Sprpe ^ tbe wind -is not .axroew centre .on .which 'to arrange, the 

atated, a i^itt lateralnitiffbe^s wa3 e«bi- bridge. Xliis twaB'abaadonedt.and, A^r 

bited by .this 'obaem^tion. ^We dtnoo^ ^aome «oaside«ation, tit \«as lai^flgod 

)i0W«vorirefMOQ from . this single occvf- :ilbua:--nl. £ach ;tiibe was to be con- 

jranoe as 4o ,lhe HM>na«qiimoes .of ihe ««tni«ted on ithe banifa ^ the •GoRWuy 

at^flM ;wbich are illk^ly to ^w«jMk their and tlbe J||feQai.:^trai|«, so qlo^ ijto -the 

fury OP the BritaPRi«< tubes, fRpi^Md -^ts ^water, .*bat, )by <aili|tle axeayation, boftts 

thqy «re .100 feat aboAie tl)e iwater, «^ could .i^ floated u«d^Jt. J^. A nun^er 

iHHU>i>Wg « (hoUow lalmig whiflh ttbe .of pontoons iwere to be leonsknolod, 

tempastfruahes violently. .which sboidd "be pkiced .under the .tube 

J^ect a^ the >S'f4»U JSU^t,>^J^^ ob- vWhileitlie ti^ was low. ^o :that in rising 

aeivation was »ll^ide, whin ^the tvbe .again it would lift, up ihe pontoons and 

rested in it^ plao^^, to disoojrer.the alte- with -them the tube ; (thus ;it ,oould :be 

rations prodpc^ by^i^aft. .On.a.clear -.floated .to i the piers. 3. Xhe tube was 

frosty moaning lip ithe spring .of .18^1^, thence to be li^d ^up into its place 

gauges vei^e i^liiofld in arder to detect iiy shydraMlic pumps. >It wAl be .conae- 

«ny.expAniliQP-; and^t noop,;ai&hinii)g oiiettt, -Iharafore, to -ejcplain «acih under- 

sun^twarming the top«nd.one #i«liQ,'biwt iakii^ ip.thifii(N-d«r. 

the tube ^n^tbat side nearly .^eTincAi; tl. Tke Co n ahr !<a<w i> -of ihe Ti4>es*r^ 

also it appears that the tube was .lifted ^hanihe plan -of ^pesatiop had been 

.upwards jn the imiddle{tO(tbe ^extent of .aettlod, prepacationaconHneu^uratewi^h 

0-7 of an in^h* and -an . .elongation ,pf ihe wo#lr : to »be done (wete .busily ^niade 

three-fourths of an inch also occurred, on tlie ^QaiuafWOP flhose pf :the strait : 

What change of ^tq^erature produced a <spot los «oinfottahle -as ^the s^upt 

these alterations, we are not informed, ahore would ^aUow, ^about ^00 ^yards 

although it.is singulartthat;anjepiperinient ^om the aite of ihe bsidge, was .selected 

connected with .toinpei^atUBe should be for the tworkshops tand platforms, while 

made .and the-therqipmot^ f<H;gottep'I *near M .baud a nuiporous colony of 

(90.) The reader has now befoKe;hifn iivoiteien^and their 4iiin(iiHes .quick^^p- 
an outline of .Jthe whole proceeding by <paar^, ^compo^d of about SOO «aen ior 
which a max;e vague jiotiqn assumed a the vs^tmvue 'masonry, and 700 -for the 
scientifically elegant and thoroughly iron work. The platform iOxtended 'half 
practical cUtuax, in^the .working, dcejn^ngs a mile al<H)g Uie ^hore« aoeomfianied by 
and building -of rtbe «peunanent tubes ; three workshops* ifilled with plate-cut- 
he may detect the gradtis ad Pjuv/tamm ting,'pw>Qhing, and .other machines use- 
successively, through experiment di- ful in this particular work, while six 
rected by thought .and.ihought directed neat little .steam ei)gines ^u|>plied the 
Iw experiment, ix was a aure jsiode of motive power ; five wharves were also 
eliciting -a ^rusbaioFthy jresult-»4rying furranged for unloading vessels when 
anything, dhat 4be way -might 4)0 shown tiiey arrived with im>n plates, &c., from 
to something ; or, in other words, it different manufactories, 
was, to some extent, the method of The principal iron work was of the 
^hausiion. AUhp^gh great j(pecha- foJlowipg^i^aaen^ons^e^ 
nical labour Jb^d ^ow ,tp c(:(i?amence, ^l^tes. 
the greater l^jbpur was pvje.r ;-^Jthe only For tlxe ,topj -6 feet l^fig by /Ixfopt ^9 
^zercise pf ^n^nd henceforyii ,reqpi«ed inches wide, ^1, of ^n .ipch -thicket tjhe 
was care ip^ver^ successive. operation, middle, , and '^cx^a^ii^ i^) | of an .ip,ch 
3ome time ^reyiops tp ,tbe wished-Jfor #it Che. ends. pfUie tub^^ 
conclusion, many passirig, thoughts were .For .iJiie ipttpu^, J2 .(e^ Ippg, H[)y 
expressed ^s X^ :^he pij^Rnej* on j^hich .^ feet .4 inches ferpad; ikpiu ,b ^ fi cpf 
the.,infi.nster.,^hl^ ;nrei;e |p bcftij^p^ft^x^ ^ Anch.ip Jidckpcfts. 
fe^ !tlieir JiuyJding j;4ai^i;^r(ip^ ^p ,^e TM J^«^i6S^ i4»i;(^ ^qgM i7 c;wi. 
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The riTets were I inch and 1^ inch ccWs, or rathi^ruHiM, cnch of tliem 1 foot 

in diameter. 9 inches square inside, ofsufficiently large 

The above are the general dimen- for a man conTenimt))' to crawl through 

sions of iron'irork for the tabes of the for liretii^ or rapaiiniuf; : tile upper 

Britannia Bridge, which "Were to be'4B0 platform a of. plates is, externally, Tery 

feet in span, SO'^et iiigh at'mjddle, "and plain, hanag the ionptudinal covering 

14 feet 8 inches wide. A short detail piece i owrtiK jainta, and transTeree 

of its admira^e constmctitm will k- pieces, as at 'the «Jile c, ounnectlng the 

ceive illustration from the accompanying ends of autli .plate, trlitcli, since they 

diagrams, in which the .same letters de- have to sntmna cr^ltio^ pressure, are 

note corresponding parts. carefully fitHdinige to -edge-, tlius the 

The top A 0%. 9S) iairrametf-nn eight plates are ri»«ed.(igli^tosether into 

Tig. fl6. 
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oDe long iheet ; oT eaual thicknew are 
the division or verticBl plates c, fonning 
the sides of each httle tube; they are 
finnlj joiaed to the horizonta] plates bj 
angle-iion d, with rivets od Inch ia 
diameter aod three inches apart. The 
tiveling was aa operation of much im- 
portance, since the gieat source of 
weakness in an iron-pTat# structure is 
the joints. Both machinery and heavy 
hammers weighing 7 lbs. and more, 
were used, which effected good riveting. 
The band riveting was necessary in 
operations on the tubes in some cases; 
thus, when the top plates had been laid, 
the holder-up, who pushes a hea^ 
hammer against the head of a bolt while 
the riveters are hammerins on the other 
side, had to creep along the small tube, 
to the required spot, and putting through 
one of tne rivet holes a hook from 
wliich a noose hung, and using it as a 
fulcrum, he could push down the handle 
of his hammer under one 1^, and thus 
press the heavy head against the end 
of a bolt when it should be placed in it* 
bole. It was quickly supplied, red'hot. 



Fig. 98. 



by the attendant rivet boys, through a six cells ortubes were allowed. Also the 

email hole, of which there were many plates as at B {_fig. 97) were longer — 13 

at different places for this purpose, and feet, or double the length of the top aidej 

as quickly ehowed itself through the foras thispart of the tube had to sustain 

proper hole, when blow upon blow a tearing force, the fewer the joints the 

nsed it immoveably in its place. less loss of strength. Mr. Fairbaim 

The boilom of the tut^ had also cells devoted considerate attention to this 

and a double platform ; bat as the subject, in order to lose as smalt a por> 

quantity of sectional area required was tion as possible of the power of his 

less than that for the upper part, only plates ; Uie result was a system which 
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he calls chain riyeting, because the of a light colour, and left for some time 

rivets stand in a longitudinal line similar to setde, supported only on its ends, 

to the bolts in a chain bridge. The While preparations were made in the 

plates were double for the lowest plat- iron work, a mighty construction of 

form, so disposed that the joints of one masonry was rapidly proceeding, to be 

series happened at the middle of the in readiness for receiving the tubes, 

other series, thus : — two of the lower This masonry consisted of one grand 

tower in the middle of the Straits, caUed 

Fig, 99* the Britannia, from the rock on which it 

is founded; this subaqueous rock projects 

^^_A upwards to a height which permits the 

"^■MMMhBIHBBHiB^IIIIIII^HBik curling stream to hide it for a depth of 10 

a feet at high water, but as the tide rises 

and falls about 20 feet, there are 10 feet 

rows meet at a, and two of the upper at of its top visible at low water ; this dr- 

b (Jig, 98), in each case opposite the cumstance, with its admirable equal 

middle of the others' length; a covering- division of the strait, made it a desirable 

plate a and 6 (^.99) was placed over the foundation for the pier. Abase of 62 

line of concurrence, and a series of four feet by 62 feet 5 inches was given for 

rivets 1^ inch in diameter, in a line, this gigantic structure, and successive 

bound each of the ends and rows toge- layers of massive blocks were added, 
ther. With these precautions the joints ' until the tower rose 230 feet above the 

are considered to be nearly, if not quite level of its foundations ; the faces or 

as strong as the solid plate. sides are slightly inclined, which reduces 

The tide* of the tube, although dis- the dimensions to 55 feet by 45 feet 5 

regarded in estimating the strength, yet inches at a height of 102 feet above 

clium a great portion of the credit given high water ; — at this height the tubes 

to the structure for its supporting power : stretch from pier to pier, passing throueh 

they must be stiff, tenacious, and light, openings left in the masonry. The 

not apt to bend out or in, but to main- other towers, which stand at the edge 

tain the upper and lower tubular parts of the water, on the Carnarvon and 

separate at the required distance, with- Anglesea shores, at a distance from the 

out which they would be of no effect. Britannia of 460 feet, are similarly con- 

The vertical rows of plates C (Jig. 97), 2 structed, except that their elevation is 

feet wide, are alternately of three and 10 feet less than that tower. Taking 

four plates deep. At each vertical joint a the height, breadth, and thickness of 

rib or little pillar/ of T iron is riveted, the middle tower, it amounts, in cubic 

tending greatly to keep the sides upright; contents, to 575,()00 feet ; but so much 

these T irons bend round at the top of it is left hollow as to reduce the 

and bottom g, giving a further fastening actual contents to little more than one- 

of the sides to both top and bottom half this amount. There are 148,625 

plates ; the bends of these irons are feet of limestone, quarried at Penmaen 

again assisted by corner plates or gussets. — ^the northern extremity of the Snow- 

Unlike the bottom and top, the side donian range ; it is a fine hard material, 

plates increase in thickness towards fuU of organic remains, and forms all 

each extremity ; at the middle they are the exterior work of the towers ; within 

one-half, but near each end they attain are 144,625 feet of sandstone, brought 

five-eighths of an inch. It was important from the new red sandstone beds at 

that care should be taken in stiffening Runcorn, Cheshire. Altogether, the 

the tube at the ends, which must trans- stone in the Britannia tower weighs 

fer all the pressure to the piers, for the 20,000 tons. At the extremities of the 

experiments frequently indicated a ten- bridge, and separated from the shore- 

dency to change of shape at these parts ; towers, by a gap of 230 feet, stand the 

about ten feet from the piers, therefore, abutments, extending 176 feet in length; 

strong pillars of a T form replaced the the ends where the tubes rest are built 

small T iron, making a very nrm frame up with solidity as towers, but beyond 

at those parts. the masonry is merely a shell, with a 

Altogether a tube, when complete number of transverse walls and arches 

and ready for launching, contained about of brickwork inside, and the rails are 

1500 tons of iron, and was held together supported by cast-iron girders reaching 

by about 327>000 rivets. It was painted from wall to wall. 



/ 



IW MeGHAMie& 

Tbul.- fsut. grM> niul tWap o(miii>^ tha' mmM jntti ill place (. two hawMrr 

had ta ba, sftanned, by (he prepuiuB. had btan attaehad but^m An|jeMft a>d 

tubMi It>o baUEacti.ilia abuimeBU and Bihaniiia toven, heta>eHi wIikIi the. 

lawl toMaift o£.230 Caet eueli, aad two, tube«a»talie, whiletbauNfacreoda w«ie 

ovar the lurtei) batwesn tha laud tawara fitad to tha sbore:; thasa hawBws, in 

aod di» Brilauiia tiuk towei, each MU paianf^ orar tlie pontooin, ran throu^ 

feO^ laaveablfl lodielat bo that, by mrrely 

.Rsaftag ,/A» Taiat, — llluah dkoratitw Totking a screw, the ropes could be held 

andiliMMliiiuBibt VMrequired.abaut.thii fa«t,aiid the moving lube arrested at aay 

navel opefaiion.. It. wtu fiaally agnad moment. All being ready, at about 

to nntkauM of tha riliagtidev aa-a.lilu- half- past seven evident signs of motion 

ing: and loeoMOtlva pewer, gutding. liia wan pencivad ; directly afierwaidi the 

fpritM Tt Bftw»ll aa puswble hya seriaa ponderoua tube was rree,^nd moved ouC- 

oF ro]MB warhied by oapataui.ou shonti. wards: after several incidents of passing 

The-pavtooHaof Laufci wetaBbout.ltiO. interaat, aad various workings of tha 

feMilcm^.SA.feet witte at. tlic tt^.sMd cafWaoa toloocce orliaul in the ropea, 

lOi feM dealb Taidi of inm pWtSt BBdi aceMdisg aa oeoaaWin required, to bring 

iatoroally' sti«ngtbaaed by riba- aod^ tha AoatiDgraaaa into preriously-agread 

bM«er; the^ aiso' liad. valves- at tha "p<uiiians,"tbetub0'.apptoaGbedtbefoot 

beltsBt J«f^aiiiiiip«rtaBl purpoM. Eaohi of.llM towers^ Oae or.Lwo movementi, 

portoon hada t<mi>age -af WO loBS„JXiMl aod.theBritaBaia.pieE reeeived one end; 

ai eigbt.wara'UKd, — Jbur at eaeh eiK^ir — soothe Angleacftpicr bore theolhei, — 

38flO tfMK might' liavB. baea flaaled.on- the lidaturaed,— 4ib* poMoousweiesuMk 

ttiMa.: tba load, they lad to carry nai, by opening the valves^ and tlie work 

htt w wwrt aWiut'. IflBfl tons, wliicli eosli wa«ilo>ai The hitlierta silent, woader- 

laigo tuba vxeighad. The floating of ing,. watli>K.niulEJtu^ itow joined with 

tli«dnt'BtiIanuis;(ul>e nag anoacaami. tba: las*- ntusical sound- of caauoji, in 

of' great ioMrest and excitement j a., aeksoniedging the sucocea of tlie day's 

bridge of sooh-unlieard-af cliMncter lud, uodntokiag. Of the nicety required io 

attUMted mw}\ and the intinalaon of, a, thalaat motions, an idea nay he focuied. 

"'9«inatlnng" to b*< done — very Mica-' frMn tlte fact tlial. there ware not two 

onHsary— brought orowda ofLsightdeerB inshea to spare batwnen the ends of the 

to tba bonki of the Seraiti, It wai lale tuba and the towev*' when the former 

in-the-dty wlien tbi9,EingMlar operatioai wns.iQiCi plaoe.. 

w«Bi petformedi atrsaven o'clock iu'tlie The- folki wing- sketch l will illualrale 
cveniagi of, the SZth of June, IBU) all: the. appeaisnce of the tuba at. the^faot 
iiMantioniwaa diraotedta oeaAubftlaying of tbe-Aogleaaa tower. The. side* of 
i]uie<:ly ntths' ed^of the water, uMder. each rneese we^ole6,uBGBtshed,..to.|)Hr•- 
^•bHh ctglH.poatoans 1 ltd been floated,, mid the-entranceof cbetube.; theyafter^ 
Mn: SlepJlemon, Captain ClaKlon, .oad. waid* servMl to < guide the tube io itl 
oUMs. osoended tiie top- of the tube^. ascent, as well[RST to. bear, tlie CBSt>in)n 
awokiseiithe rliing ofr tite tide to.liit tba gi«d«rs.on wliicli the tube sbauld t«U. 
tubei'otf its bearings. In oKler to guide ivhea tlte profMS tMJghliwaa.s 

F/Sf.100.. 
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EQUILIBRIUM^ aP' STRUCTURES. 1(»* 

nC^e^ dffiHeuUiei^ 00 calViKge W«r«* H^^ a<;e«ftdfrigly; a mfaifl' pressing: \v4th 30 Ibft; 

eJPp*rifenC(?d in-ttielrttid or endUubwr? wwght- ofi'the jflurtger WoUlti lift nearly 

they yr^T^ 'atonce'bMilt^an scJSPflRbldfti^iri' 10;650 Wi^:^ or4f totfsl Uid («i the ram. 

theti'p€»itf&nt<t>rp!aeiei%^^^fi€^obstitl<?ti€M' In'- thi^ dBt^ rtaiMial' ^Wrtiotti was ndt 

tdJ ttikJ na?*<gSftloil' reswlting' from tttfs^ useil ;i steam-ertgfties><>P 404>hor^ pidWer 

arrangem«it; th«* gi-^at*^ sdaffoW*^ rfeste* i^t^e^wbrked^ho^ladfttftUy, and oppdsfte 

on' p'He*, attd'Wei'ftf cJ«tf*|M)«ed»o^ upright thtf paWp**, by^\rhi«;h<aprft«gement the^' 

y^ih dikgom\ l^aefng tfmb^t?, abbUt- piston^rodsr of th^^ engine, entering 

106fe« at ihedt»e^est partli; thfey*Were? thfOttgh' th^ stuffiwg^bdiffed of tllefie* 

mftdeof strength adequatcftb bear' t^rO' pffihps; bfecwft^' thte p)i>hg<!t« at- on<«F; 

ubfes, eafeh about 1 800 ' tons wefght^ in- AU'this apiJArtitufri^^^'qlwetif lo«rted iti' 

addition • to 'workfiietfi intetrtittrtents', &c; anopen'spate^li (;/%. 96)'m the toweri 

A' sferife^sof ladders opened conrntiimcfti' immedlaitely aboVfe- the opening^to wtikfe 

tioti bfetWee*! the bottom •aBd*tbp'oP the' the tQH^'shotiW'b* lift^l To support it 

S0*ffold9. --forit^nlusr needs* irta«*dtont>frorHtb*^ 

Lifting the' Titb&i Iti coiffpfetlsOtt' n««Onry s»' far • a*^ to Be itt*niediat^y 

wit*i the raisittg^ of this tobe; which latid' or6t'ti>e elldiof thft^tiiBfe^-UD feet bdoi*< 
at'thebase of tlw towers', its flbtftfatfon' — ««' p!a?ff ♦ of poTi^rfHl ^id^rsT BE, Ohe» 
Wa&'simipheity itself; the ca?f^'caM^»fbr' om tho" oth^ri' f6T^ donble' secutlty, 
in* keeping 1400' tonfe in-nwtioln' rfom- sti^tthed^ a<flH>sS>the» I'dcWii lielbrfeiffletfi 
sixM[$htng^ itself of something' e4k by> a^ tiotf^, on etf^- dt<d% of the da«t*iron 
colKsion, attd to bring it to» att ihfeh cyliHder';- coiftfe^«ftly ttte cross-heasd' 
where it? waisT desired, w^- a'^ great' or beaftfi attadiedt^' tKe' upper end of 
achievement; but to lift thi*' i#a*sive tlrt* rafft' Wa^' aWe toMfft up' anything' 
frameworki-^^ffunwieldf length- of 49^2 between' the gitd^rfe^: these were the 
feet^«-«vef * dfespp wfttet*atfd artfpid^ ci*f- mefttf s of r«J«f^; BulUhe next' eonsi- 
re«ti without' scAffoldirt*, tb^ j«» h**gHr detfetlenis^ the' cttffftiedlbrf'bet Ween the 
of ItOO'feet, W&fi,' until one expedient^ crO&s*^head'a«dtUbeb«ieW; the latter, 
h«Sd been proved suffleient,- rffl appall- that no'podiifWIity-of ittjttfy might exists 
ing' task ; that' exp^feni'was* the WetU wa»' strettgthetffed ^greatfy'at each end hy 
known hydfatilic* press, arf'ittslrUiWewtf a catt^imn fi««e^6rli,-t WO vertical and - 
by which power" is obtained frbnivelo- two' horliontial ii-otf'be^fWs fitting rotted" 
city; t6 attf uftlftfcttfed extewt. A' descrip- the interid^*; . thi^e tefcessesf were left iri^ 
tiOn of thisb^tttlftiUrtfttehine is' gfveft- the vertical beaflifs*, ohe n^iar the top, 
Irr the treatise of!' HyttroHMcs} pi 9i arfotherarthe ntfddie, an^'a-tfOther near' 
The pumps^u^d'on'thfS' occas4ort Were tlie bottom of the fralfie, for' the ends of 
maJde of eUtrttOrdlflttryi strerteth, the* three* powerftil cV^Stt' beaiftis; able to 
cyliffderorbo3fof thepuwp in'tHeAhgle- sustain a!b(SV^ 3®00 tons j through thent 
sea^ plet bemg 9* f<fefet' deep, 4» ftfet' 10 passed > the* erids of the chams, which 
inehcs in' exterior dlAmeter, and the* extended «up t^^ the* hydrd^rfic apparatu*i 
cast iron of wWeh it was^made'was 11- in-thetowen byk sertes'-of lihfcs six feet 
inches thrtfc^making 10 'tows of metal; loWg, and* a«» shoulders wiere given to 
altbgetherthe insttutaent^Wi^ghed afbeut* tbelieads or- eyes^of* th«fe? links, where' 
40tOn». Ihthe Brftttnnta tb^ei^-thfere^ thief passed* through" the beams, they' 
were two cylrnderfiT; whieh had been laM held -of the*u«der'sfde^of the upper 
U8ed*in=liftin^*the^ubtes*a« GonWay; the* and Idwer* b6*nft: A Accession cTf 
piston or* rtftti beh^iSf inchesr'in Sni linte, bohednogfethetaS^itt'a suspe^isiOtt- 
meter, ina»cyl!nd^of 20'im;hes irttferio^ bridge, reaehed tlife* tWo ends of the' 
dfsttfete^, living the snwill' but' (|tiite cross-head on the hydraulic piston, and 
sUffifcient spftee of* nearly 7-^hS' of' aiv» rested 'the«* by med:^^ of the netehes or 
infeh 'between tlie'ram* and (yffrtdAt fbr sliouldks made on the lai-ge ends of the 
tlte water, injected < by anall pumps' IVg'- link»t pumping <*iinmWieed, arid the 
instil in diameter,- thtdugh little* carryhig" tube wl&^s' slowly carried up between th^ 
tuWes4ialfttrflhc*i>bOH!^attdfthfee-qtfarferfl» sid*s 6i tlie^ recess: At Conway, after 
of all iftth'thicbi Ae«(MNlhig'tO the hy^ • the pirwptog hia*^ continued ' some time, 
d^OStalic plHntiple'gWtimiffffe'ttiffe itfSttu*' fettfS Were exdted'itf ^nseqftence of an? 
menti tli^e- power u«Wl' at* the pump' iuereddlng' vibrMiei*' which* ran along 
hAttdle is^t6-tha|tgli«6tt?^ottt'by tHetam* thewhole tuftte;- cttusfed, it appears, \sy 
o#»piJm)« •as^^the'rfttief of* the'area' of ti^ tile* rt^iMM artd' srfrtkiltanebus ^action of' 
pkttigW^or'pump*f^te the atea* of ttte* thepumpsi ffeflfdWgthe-Wbter in^o each 
pISteiK TWs hay be6t/wi«( i< l tDbel t Si&Sr cytf^rder, a^eijual in^ieirv^M a^d rAising" 
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the tube by jerks. Before the pumps brought the notched heads of a row of 

were stopped this motion had produced h'nks just above the edges of these 

a deflection, or rather oscillation, of cheeks, which, being immediately sere wed 

nearly an inch and a half in the middle, together, caught the heads and held 

orequiya]enttoaboutl20tonsloadl By them fast until the ram should descend 

an alteration, in which alternate, instead to take the next depth of chain, 
of simultaneous, movements of the up- (91.) After similar proceedings with 

lifting rams were applied, this destruc- another long tube between the Britannia 

tiye pulsation vanisned. Another acci- and Carnarvon-shore towers, the works 

dent, attended with no great injury to rapidly proceeded towards a completion 

the structure, happened with the Brt- of this one line pf tube. An important 

tannia tube, after a few links had been operation was that of fastening the four 

drawn up : the larger hydraulic cylinder tubes at each tower, so as to constitute 

in the Anglesea tower suddenly burst, a one tube, 1523 feet long. The extreme 

casualty common with cast iron, of ends of the smaller tubes were lifted up 

course lettine the water out, and the somewhat above their intended levet 

piston fall. Had it not been for a pro- so that when the large tubes were in 

vision wisely made by Mr. Stephenson their places, and the joining with the 

against such an occurrence, tne tube smaller properly effected, the latter being 

would have fallen two feet and a half, if let down, tended to stretch, by theU 

not more, a depth apparently not con- weight, the upper part of the long tubes, 

siderable; but with the length and enor- restoring them, to a considerable extent, 

mous weieht of this tube, Mr. Stephen- Irom deflection consequent on their 

son calculated that it would prove its own weight. 

complete destruction : as it was, although Expansion through increase of tem- 
it fell but one in^ so tremendous was perature was caremllv allowed for in 
the effect that iron beams capable of the arrangements. At the Britannia 
sustaining 500 tons quietly, were broken tower the tube laid simply on the , 
down. The provision made was a masonry and girders; but from this 
packing of wood planks under the tube middle point, each way, convenience for 
as it rose, not allowing at any time a fall expansion and contraction was afforded 
of more than an inch : subsequently by rollers k {fig. 96), on which the under 
still greater care was adopted. The surface of the tube at the piers and abut- 
part which gave way was at the bottom ments rested, while across the top several 
of the hydraulic cylinder, where there cast-iron beams F extended, being fas- 
was a thickness of eleven inches of tened at the sides of the tube by large 
metal ; a piece weighing a ton and a screw-bolts h ; the ends of these beams 
half separated, and fell a depth of 70 or carried a little trough t, extending in a 
80 feet on to the tube, making a severe direction parallel with the tube ; a simi- 
indentation, and, in its fall, killing an lar trough is fixed to eirders built in the 
unfortunate sailor, who happened to be tower, and between the two are a num- 
at the time ascending a rope ladder her of gun-metal balls; — allowing the 
between the tube and press. When greatest freedom of motion to the tube, 
the tube at last reached the desired yet bearing a portion — according to the 
height three strong cast-iron beams G screwing up of the screw-bolts— of its 
(see fig. 96), previously drawn through weisht. It is calculated that the pro- 
the outer side of the recess, were driven bable range of expansion will be six 
in underneath it, and the tube was now inches in each half of the tube. 
** home." The under side of the tube is con- 
As the piston of each hydraulic press sidered to be a level line, except when 
was six feet long, the tube could be loads depress it; for in building a rise 
raised only to this extent at every lift; or '* camber" is given to the under side 
and while the piston was let down to of about 9 or 10 inches, which being 
be ready for another lift, support had to nearly equal to the amount of deflection 
be given to the tube : this was jadmirably from its own weight, will, if the tube is 
effected with the notches on the heads left free, give an horizontal line ; in one 
of each series of links ; two cheeks tube, however, which had been left on 
were placed on each side of the chain, its temporary bearings about a fortnight 
and moved towards or from one another (ready for floating), we measured a 
by screws. When, therefore, the ram deflection of 12| inches, or 2| inches 
had reached its extreme height, it had beyond the quantity allowed for by the 
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camber. The upper surface is a curve, long, 12 feet high, and 20 tons in weight 

giving greatest height in the middle or each, formed out of eleven blocks of 

at the Britannia tower, where the tube limestone. Dignified they must appear, 

measures 30 feet ; from this point it if for no other reason than their size % 

decreases until at each extremity it be- they are, however, in the Egjrptian 

comes 23 feet 9 inches ; from these style — ^not very remarkable for anato- 

amounts two feet at top and also at hot- mical accuracy. At a considerable dis- 

tom are to be subtracted on account of tance farther on, the abutment tower, 

the cells, leaving 18} feet at each end, covering the end of each tube, stretches 

and 26 feet in Uie middle, more than across the way, presenting two large 

sufficient for a tall locomotive; in holes — ^the entrances to the tubes; on 

width, 13 feet 5 inches clear are avail- a nearer approach the cellular top is 

able between the side ribs. On the visible, and tnen a long dark tunnel with 

Britannia tower the tubes have a bearing a central opening into light at the fur- 

of 45 feet; on each shore pier 32 feet; ther end; — sometimes little rays of sun- 

and 17^ feet of their ends rest on each light peep through a series of ventilating 

abutment. The approaches to the tube holes, two or three inches in diameter, 

by the line are striking ; until very near which served the purpose of passing 

to them nothing is seen, in consequence red-hot rivets in and out during the 

of the rapid curves taken by the rails ; construction. Small windows have since 

when the turn is made two enormous been added. 

lions first appear, lying on the ends of (92.) The following is a summary of 

two parapet walls, one on each side of the principal dimensions of the Britannia 

the line, resting on the abutments : these and Conway Bridges, principally firom 

gigantic but quiet creatures are 25 feet Mr. Fairbaim's work on the subject : — 

BKITAMiriA. CONWAY. 

ft in. It in. 

Total length of each tube 1523 424 

Greatest span in the clear 460 400 

Height of tubes: — At the middle 30 25 6 

At intermediate piers ... 27 

At ends 23 9 22 6 

Above high water .... 102 18 

Extreme width of tubes 14 8 14 8 

Number of rivets in one length of tube .... 882,000 240,000 

„ „ whole bridge 1,764,000 480,000 

An idea may be formed of the Altogether about 13,500 tons are cal- 

quantity of iron used in the bridges culated to have been used in the two 

from the subsequent calculated fi- tubular bridges, incurring an expense 

gures: — stated by Mr. Fairbairn to be about 

BKITANNIA BRIDGE. 500,000/. 

Tons. (d3>) The Britannia and Conway 

1 tube, 274 feet long . . 689 Bridges are certainly great novelties ; 

3 tubes „ „ ... 2,067 that they are reducible to well-known 

1 tube, 472 „ ... 1,400 principles, is true; but if all inventions 
3 tubes „ „ • / . • *»200 and discoveries be treated with similar 

2 tubes, 32 feet long, for join- logic, there proves to be no novelty 
ing on middle pier . . 204 under the sun. No previous work, no 

Cast-iron frames and beams 2,000 precedent in architecture, gave birth to 

• these tubular bridges, unless, indeed. 

Total weight of Britannia \ iq ^^q through those habits of mental movements 

tubes j ' by which a real object becomes invested 

— with fleeting shadows, until, like a dis- 

coNWAY BRIDGE. solviug vicw, the former is lost in the 

1 tube 424 feet long . . .1,146 latter picture : that such was not the 

1 tube ,. 9 ... 1,146 case with the rectangular cellular tube, 

Cast-iroQ framay and beams 600 ample evidence is afforded in the expe- 

■ rimental investigation by which it was 

2,892 brought to light. As a new thing, ques- 

— - tions naturally arise with reference to 
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iU'endarnoe, awA the effects of hi^avy ofadimnMlerotfleiilated-totfy the tubes 
train»«iHl tempesluocis winds. Anyargu* iiJthemoefediatyewiitg j n j Bnw^; to which 
ment'oo soeh inqatries mostrbe to'stmwt faitC.th»ishatt0ied'O(Nidltk» of< the sus^ 
eztmt gpeoulatii^ ; hot the principles*' pension- bridge cmm*moTtmig; after a*8m. 
bT« which' the- stractuie is goTeraed, th«' gle ni|^t*<Br ootttestt with a raging stotn, 
charscter' of the material, as- fiir aa< bor»'tinibmabler'eviden«e. This pecn- 
understood, and relevant oomparisiona liarattfa)B»ap ft fr if tt>«bea»pqhation of 
wiifa'fornMr experience, supply, in this wind al* icfukff f ntorttlst which^ should^ 
izaiaoec^ very 'am]da- evidence fbrjudg* they-haiumi >jusi«ct|nal tothe^tiroe'occn" 
mcntt- pM by toi eKpMnd*chai& orfr^e body in 

Thetobes^ are decfdc<diy^notftried*'to' yibrating^wfli haiveao effect similar to 
tlieiriitinosti oonsiMent' with safky-; as - tbat«oi at^rsmtpoitiatg a child's swtlig 
thdy atBi no> pvsaible load^ can at all —.every sucomi^er* oscHIation will iii« 
reach twoiikiMlM of: their'sttenglht;' it cnaso^umil'thecpofitiviiof the laoving" 
bas^ been- stotMk that tlfe- ptesMiw vcmr body or seme- iif|Bry prerrent fartbef' 
aHoaDt*tosiX}tWtt'on erevy square inehi mtalon* Tbesei dewit ptestores; w^H 
oA section.--a< qoantityi not barif the borne, dtr argumov safety under a trial- 
ptoved stt«ngtbv but ' this > mttst aris^ of- tWr des«»fptioiir'fli>y'inore than- the' 
froM a: very hoirvy load. Thet)eflections> fact* of* s^ Iwdy reiittingt a* consideradde 
indicate that) with' ordinary trains^ a w^eight can pi>iiit:oiit'it>-i ability to cope 
small comparative strain is ex^voised'oa- T^th* a^ small weigbtt rapitUyr impinging: 
the plate* work :-^ the 'Conway tubee: are onutr- Inaa^efirly'oedcidation made to* 
s«d toi b«iKl:but one-^ewgiith ofaffinch* eitimMB tl» pttibaUe power'of a tube, 
-"'em aBKHMit absoltrtely insigniftcBnt: — taking: its. w«4ghti at 1069 tons, to over^' 
whentbrusuaUrain&'are^asafai^hrougiit come any aeriiii ^Rm, the results* of 
then< so able are tbey for support, that Experiment 38, mentioned at page 92, 
a tube such as the Britannia, to break are brought forward for data, which re- 
with its own weight, must' be ext&nded turns an adiAirabl^-Iookiirg result; the 
to the enormous span of nearly 2000 pressufe of tlte wind being 'supposed at 
feet, a length far greater than the whole 50 lbs; per sqoarer fbot; we find 2S0 tons 
length of the existing, bridge, which also to be the pressure against the tube, 
has three intermediate supports. Indeed, while there- are 1000 tons as antago- 
were the three towers removed; and the nistfc force or potrer in the tube, half 
tube left with support from the abut- its weight being included in this 
ments alone, which tare 1469 feet apart, quantity» But. whatt wiould a dead 
thero'wcold be no danger of its falling, weightof a thousand tons avail against 
The specific qualities of the material, two hundred and eighty or even 
giving elasticity)- yetf stiffness, suffering hi^'tHtat amomH of* tons,- of appulsing 
many injuries* and suddeu'shtocks ?mtlU air; aetln^. with a* series of successive 
out' destruction, and* when that is- inii' int^rmiesions? Expenevoepredicates its 
pending, affording/ such timely^ notion ' inefficiency. If great Snowdon could 
that preventives may be applied;. itVi be hung up, it- would oscillate like a 
exempti:on from de(»y, if properly coat«d, clock pendulum, with the next gale. It 
as manifested in wood) and stones^ aU musl<^be the stiffneMKof a sthieture, pre- 
teitifyanifavourof-its^etnhiraQce against- ventifi^.iiicipient vibration, on which all 
tbe-aiiverse inffhenoes-of' wearavd^teor hopw of safety oan depend: That the 
from expected l^^eoii«. CoiMMiy tube was little disturbed by a 

Highwriodsweroaertainlyfiotforgottto severe gale; on^ob^^oeca^u, resulted 
iirprecautioiiaiy«irFrangKment»; although wholly from its slilAleBS'^not weight; 
tho eicperiiMnt ni»de*tO)test> tb^'tuto the*s«fM mwft^'pvedictecl^of the Bri- 
sidevpny-s, or'asrahe wind would act witte tanrm-tubes ; so admirably are the sides 
gieatest effect, .ww^ certani^^ irrfefcimnti stiffaaedf amii^^aittectlarly n^ar the piers, 
t<J^.s«ni»fe«tent'; atdead wiight? getrtly^ as to constitute an almost rigid frame- 
hiBig from th^ tube' couM^noli be- cotap- woife No doubts need therefore 
part^ (With th«i aedoni of< windsr unlniv be entertainedL'of^ enduranoe) under the 
out* of connderati«i fWthe nmrhndgis^ advMse energy of pnlstitory winds. 
they*w6rettt> blowtqfiiite- regakviaii the' Tliis triumph of science must' be 
timev andiiqirietiyistMKiei SsMtm^htnrK clasOMl am«i§^th^r<< wond^rsr'— when 
eveif aref' tb&t aftaoaphim:' correMss' sa^* complete, for at present but one line of 
0Nl«ffy,.and&e«r9i>attthe.M«iiaiJ8tfaftr|t: tubes^is^ use ; the south line is rapidly 
f0at£ti>^^$mm$ liine bran kiioiri»itbiM«t' proeoeding, its land tubes on their 
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„ r tabMi. waking' 
fn-wariK stand-oB-ChtiivteniimBrf pien- 
befann Tlie' btidlgtt- i> cviUdnljn noii a. 
btandfnli oliJMl;! ooaiiMins' m i[< dacK 
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haiget- it noti cile(ilBlBdl'to> exal 
suipHMTwlncliinngbC'be wppssadi- BWt 
a d— aent tor the- WBter'i edge^ M «i 
stane's rtMom from tbe foat or.eMur' 
shwonowei? ab oam unveiir-iI9--gigBnt)c 
proportions ; the enoriuona inBW' of. 
stotHHOrfc' lAoao M IwKt; cr ttiit,. atlll 
male aiiB«»Dh' slwotiii|;-up;ain.ofi the' 
WBlv tB:a heightiintiwell cdctiaUilhy 
tWejv^bnttwiricb'pMniaBi- i DMRiedoN- 
affinnKtotlM 3MAe«;Ilie eztaDxlinMjc' 
diMIBiae^ tooi ttla. speetaWriibsipanKd' 
from tWs 1 towetx t^. tfao de^ ^ ^stora,. 
while . at iIm NMW tiiBe' coMDcetion-isi- 
maintaiiiEdi nMi it' l^ ai bn<P<cokn;r8d 
beam, hai^i^'OTar the sUean, in ap-' 

Somit TEBdincEsita fall, 100 fsetatuvfl' 
ia Inad; — a.lbsilaMly.deounilTBte'thati 
aii:objeo(.unu«Bid<ard'ma|^Uic*«t, to a 
hi§^t degreia, i» tbe sul^acr. of bia coB''-' 
tesifilatioai CoaparitDii of' the udl 
knownnith thf hovwn' is' at alltlmes*' 
inwanU^. rac uj^ wdi wrth satii&itiOB, 
and thii'totruB' iiuri^rd'to ttacbinlgB;. 
leogtb being so-renuuk>b!e. the height 
of tiw lteiger> tubas dinanis(i«iin.our' 
estimation j but should it hnpfMDiihaf 
paiiitinf it- raqoired undemcaih . the 
tube, ailittie boud, apparencl}' 'immpa 
potted. 0D'n4ucfa>a dim iau tire tciwatiKar' 
hai> EsHled; pti»lring idiaulr a de)i«Bt»! 
Tetln^gaiiiMthetMtMMeJoakiDgbeBBit' 
maj. bB otapmdf by. ocular cotHwotnir- 
tlsoj It prav«B'tfr be B-"tiirild -of larger 
gTcnptb," Etaodinfi u^ght' and al-eexf- 
otT:ai strong: ptMform, securdf smngi 
■UMhr: the> tube; rsachiac oM . a stout) 
palwnith'a'bnBh'full ot^ pkiirt- atroiMi 
extreaut;, hy -which procass ther ironi if' 
pMMvved ftom.preinatpn: dat^; Illic- 



it araDkttake 'fire tiil'inai^Htaiidii^otM'' 
upon'anaitaBT) to tca^ fiom boMotnta> 
topo&tbc tdbtt'. OonpacisM^hawvaerp 
mil illiaiiiiiiiiiid toXbc tudtnat^w-totfaar' 
l«»t»ywhBte-w« objaetsr 
oMa% otMHaoaiMtioat. lf:m-ei«cnd«i 
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impression of grandeur ceases; eyeing miles I Indeed, in passing by the north- 
the tubes from an elevation, such as the em extremity of the range, whence the 
suspension bridge, or the rising ground white stone for these towers was quar- 
on the Anglesea shore, we have laid out ried, we look again for the alteration 
before us a scene at once beautiful and made in the n^ed mountain by the 
sublime. Beneath, bearing craft and ships withdrawal of some thirty or forty thou- 
of all sizes, runs the eddying tide of the sand tons of its body: Peter certainly 
straits, coloured in unison with the soft has been robbed to pay — ^his debt to 
green banks which restrict its channel, man's necessity, but he is none the 
nowwide, now narrow, and, with its little worse for it. Such is the difference 
islands dividing the current, afford a between objects raised near to each 
delightful irregularity ; the shore of An« other, one by the voluntary, long-con- 
glesea Island slopes to the edge of this tinned efforts of a progressiye rational 
important stream, but the opposite being in an age of recognised progression, 
land rises abruptly, though not bare, a the other by an involuntary, normal, 
hundred feet and more, and so continues repulsive power, acting possibly for a 
northward for a few miles, when it eives few hours only, in past ages of great 
place to the confined waters, wnich natural changes, 
suddenly spread out into the wide The tubular bridge at Conway is not 
expanse of the Irish Sea; eastward, in equaDy remarkable; its elevation above 
a direction pointed to by tbt line of the tide is but eighteen feet, and the 
tubes, a magnificent range of hills pro- abutment-towers are architecturally de- 
jects into the sky its highest peaks, signed to harmonize with the old castle, 
generally associated with clouds, which on the precincts of which one of the 
stream lazily along their green sides ; abutments intrudes itself. Like patches 
firom north-east to south-east is the of new on old work, however, there is 
earth- view limited by this chain — but little real harmony between them ; the 
eight miles off in nearest distance, castle, as an object of artistic excellence 
roughly ending with Penmaen Mawr and beauty, for which it is celebrated, 
dipping suddenly into the sea on the has severely suffered by the addition, if 
north, ax)d with the notable cloud-capped the fact of occupying one side of it with 
Rivals on the south. With such asso- rails, iron carriage- wheels, and occa- 
ciate objects the great bridge is located ; sional other things quite novel in the 
it is indeed a grand sight, but the sights inventory of castle furniture, be left out 
below, beyond, north and south, all are of the question; there is also a complete 
more grand, and such qualities are re- spoliation of the beautiful suspension 
markable only to our intuitive judgment, bridge, by the proximity of the huge 
when they become so by comparison ; tubes, which have been hoisted within 
over the Thames, or in equally plain arm's-reach of it. 
situations, the height of the work would (94.) A number of iron bridges, where 
appear astonishing, and the stretch of forms similar to the stone arch have^ 
the tube terrific. Here we see the been imitated by large castings in iron, 
hollow bridge merely stretching out from do not nevertheless admit of such in- 
the bank before us, and this bank, teresting inquiry into the nature of their 
though high, is yet as the sand-ridge equilibrium as the former; for though 
thrown up by a wave, when compared an arch be imitated, there is little of the 
with the elevations beyond; these ele- scientific character of the arch in respect 
vations are so great that the highest peak to resistance against pressure ; frequently ' 
— well called in the country's tongue the materials suffer useless and severe 
Ywyddfa {fke contpicuoui) — venerable strains, because of their ill-managed 
Snowdon, might still soar highest, if arrangement. A bridge at Colebrook 
beside it were placed seventeen Britannia Dale — ^the first constructed in iron — is 
piers heaped one on another. Not only a semicircular arch of 100|^ feet span, 
does height disparage ; the not less with ribs in triads, that is to say, each 
remarkable feature of mountain views — rib is made up of three ribs, one above 
amazing bulk, equally deprives of its another; they were made of castings 
wonder the labour of man. How little a 70 feet long, each being a quarter of a 
large tower not 60 feet square appears circle, or two were required to form one 
to the eye when the same circle of rib. Covering-plates rest upon these 
vision includes the bases of mountains, primary supports, and carry the road- 
each spreading over several square way. These ribs might have been 
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ordered to act as shores or equilibrated Wear, at Bishopwearmouth, near Sun* 
arches, in either case containing the derland, which though so early in date 
whole line of pressure within them ; as as 1796, merits attention and praise, 
it is they cannot be treated as one or not merely for a great span attempted 
the other : they are not at all similar to go goon in the practice of iron-bridge 
shores, because of their quarter-circle building, but on account of the admir- 
form, neither to a common arch, both able manner in which every part was 
on account of semicircular form and ordered, with but few exceptions. This 
small depth of each rib — :Only nine arch springs from the abutments at a 
inches. All pressures must therefore height of about 60 feet above hieh*> water 
pass without them at some points, being level, which, added to its rise of 34 feet, 
resisted merely by superabundance of affords ample room for large vessels to 
materisd — ^not a proper disposition. This sail freely beneath. Between the abut- 
bridge was constructed in 1777, over ments there is a space of about 236 feet, 
the river Severn, and appears to be first which opening is spanned by a row of 
in the list of iron bridges built in this six cast-iron ribs, each composed of 125 
country. The roadway is sustained on small frames, deUneated in the following 
five ribs, which stand upon stone plat- figures ; each frame is about two feet 
forms laid on each bank ; 378} tons of long and five feet deep ; three bars a, 
cast iron was used in this bridge. An four inches square, forming the curved 
accident, showing how very little hori- lines seen in the ribs, and transmitting 
zontal thrust or resistance was afforded all pressures, are connected by two 
by these half-arch castings, occurred others 6, serving to keep the former at 
not long after its erection ; a bank wall- 
ing, p&ced to prevent any slipping Fig, 102. 

amongst some loose strata backing the 

abutments, proved unequal to its task, ^mmmm^ a Jj^a 
was pushed in, and carried these ribs 
easily before it towards the river. 

Another bridge was erected a few 
years afterward within three miles of 
the Colebrook Dale arch, having a com- 
bination of three ribs under, and two 
ribs, one at each side of the roadway, 
extending to a few feet above it, by 
which arrangement suspension was in- 
tended to b^ given as well as under 

support. Long castings were again a proper distance apart; flat grooves 

used, some being 50 feet. The inner are made in a a, three inches'broad and 

or under ribs are 130 feet span, 17 feet three-fourths of an inch deep, to take 

rise, and 15 inches deep ; 'the outer or wroueht-iron bars, or rather straps of 

suspension ribs of equiu span stand 34 equally small breadth and depth, but 

feet hieh ; seven feet of which rise is long enough to slide in a similar groove 

above the public way. As a subject of in another similar frame, which should 

mechanical or scientific concern these be placed alongside ; by this means aU 

suspension ribs exhibit an admirable the frames were fastened together. Six 

method of employing the strength of of these simple frames were fixed to an 

cast iron, but their combination with abutment, to make a beginning for six 

the flatter ribs is injudicious ; they are a ribs ; the succeeding frame, like a vous- 

much greater arc of a circle, and lar^r soir or stone of an arch could thus be 

than the under ribs, and when expansion placed against the first fixed, and both 

occurs there must be a sreater rising of united by a wrought-iron strap ; by pro- 

the outer than the under ribs, which ceeding in this manner a fine arch — in 

will have the effect of lifting up the princi^e as well as appearance — was 

roadway off the inner ribs ; when con- easily erected. Between the ribs iron 

traction occurs the outer ribs sink most, tubes were attached to make one framo 

leaving the roadway to be sustained by of all, and diagonal braces were a£tet< 

the three under ribs. Thus alternately wards added to give more strength in 

each class of ribs have to support every this particular. The depth of these 

weight. frames is sufficient to include the pro- 

A bridge was erected oyer the river bable line of pressure, and so bear it 




tlECaiANIDE. 
Tig. U)3. 



firirly to eiwh abntment ; the'MM«f>the wf-WSset.'or OTe^rnnthitf'theflpwuta 

structure is elegant, (mfl appearaBm wriw ijf wedgc-piecw 'wwe to foiM la 

coTTCBpandi ollibeingfmall'pieeea, yMK rib, and cross Mruta 'St the Iramiatais 

could be little diffimthr in comtraMinf , fllled id the ^reat ■ spne nmng frmtiM 

besides reducing any chance Uf -opwi g««M a rise and «pan. Hudb diacnanan 

jobts — an aceiAfnt !«« ■uHllkel]' with arase abcrat HtepmcticabiU^ of sadfa.n 

largerpieceB, aHher'fro)pn'>mnropeT4tn)K ■enoftnoua >srch, aod 'the maMsr mu 

or seidement when together. Cross- referredtoaaDiTlbeiafipenDDiiu[^i«Md 

ittuts inaiead-orrinca^in the haunches <o poaseM judgment in these matMM, 

would have been far superior as a sup- >bBt -ao 'mueh diugreenNM vf'OviMau 



port j whan an; pressure acta on these . 

circles, foor nearfj' equidistant points of ewept 'a poarfbiKty of it 

each circle are ^eatlj stramed. Fault some reoton thisidea mm A>onied,Mid 

has been found for the unusual reason Ihe prewnt raagnrficeiit 'Mone vtiwUure 

that too little weight of -metal was em- yra fe tr e d ; 'oertaiDly if Totfordis fcw ^ e 

ployed; 250 tons of iron was supposed wonMihare 'pMiMitMl anchtm lappMr- 

to supply too little stability; but all tmceas SontWaik'irmiibrii^, «t>Mar. 

expenenc* and science demonstrate tunate -for the river viewftlnt *he Mane 

that it is Jiot the lieaping together of buiIdiDg-«M ehoien. 'SouditookAririge 

ton upon ton of nisterjal, but its proper ii the lorgeat of caat4*aii bridgea; «Is 

distribution, that consLitutes stability in nriMle -aroh extend «boaC MBiioet, cr 

a structure. 'nottrlyMnfeet more than the .beautiful 

Since the preceding ■ evafn)dw wete bntige at Biithimweannautli, iwith aaiae 

built, vaiioDs attempts 'have Iwen inade of SS^ 4eet ; the two aide lanbM ate 

to extend tile use -ef 'iron in toraimg each 'QlO feet «pen. and 19 'feat H 

bridges with oDrTed'pieecs.'imit^agthe inches 'riaei oight ribs lie si^ 'by aide 

stone arch in 'farm. In tome oases to -Buppprt tbe m«dw«y, -made i^i of 

imit^ion extends onVyto outward fiew, platas -or -wedges, hut >iiiMes<t <oF tbwe 

each support tteing a girder, and not 'being light trainee, a» ia fig. V&, :1iaey 

acting similar to -a 'number of -we^es 'acesaKd, lad BBportioBsof-a ginier— jia 

-aiMtamed by mutiril rcsistame to com- top and fiottom -4^'imihea thiiAi '■rliffle 

presaioB ^ yet this condition is the Te?y ibe mtermedioae plates are -SJ inehas 

best for cast iren, fcr which its -stFength tbickj aa amtNter of'sectiaadfCm^A, 

is mgst effectively and saMyoxerciwd; no gdv w it ag e biisfs from: an wWw tfaiat- 

not unfrequenily it has occtttRdlhat la vees -nf t<Tp 'Ot boMom, as « 'CDnpaiison 

cousiderahle mass Of dbutmrait'hu been -with the gndar cann«t'be inttitiited dn :a 

erected for iron 'bridges, n^ndi, Irem rib of this kind, andlheiine of'ptesfoie 

the character I df the onstings, are. daiMt appears to -tra<>el nearly thrao^ 'tke 

entirely girderjsupported, 'giring no ho^ middle of each Hb, >at do ^^ Tniyfaig 

■rnoDtal thrast, and reqwmif little ttbnt- Bbove 'Vwo incbes .fran (hie ^laaa, The 

ment. jlbt «Te'in fiOeea Mocte, 61antrieepst 

A 'preposal -was -made by Mr. IVHbrd ilie -erinrn, -aad feet at aaeb «t4, 

•kn a krge iron bridge orer' Hie Thames -.attBchedBogcilici ^ ly u iB«n»«f-« lu » u»u ilad 

Mplaee of Otd London Kridge; ^-wtts sockets and wedges of cast troo-: satan 

to^mve a span tf4(>frfeet,-with«-nie -anl ifiagmUH tiei -mhI* Jdl 'Mm itiba of 
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ea^h :«rch« :^he fspandiils .sor .-spooes ^anti^eompresMen pfommr <0f the 'gi^at 

iketw«efi rite ■joid traadirag^ ane {^Uedoip ^ftfas, wbiehifioe tn/2«9ii}de {«Mses, not 

^ith (L QBisMfQn f^rnning ntff tiiiiigooal rveqiiiri«g ^aoy .tff ..tlMte ni^ fiBoosiiiefia- 

^|rui$, i»eanBg!castti'ronY|»ittles*c<}n.fi^h oth»» land ndjitaUnflsts . lumisacty in the 

li«s the roaeimay, In^theimiMle «fch ^tutAiiKes -comnjainty «4llied jiu«ftei»i0Q 

there are Igi^ Jmm of inon. laoil i2£(^0 ijiiridges. lEfattfe ntije -ftMO brif]^Q8 lOttir 

t<ms lip the rside stof^lms, Tfae Uvjwig^of ltMAii&ftix«icUafter:this uMlhjaKL 
eft^h.rib wiis ^<3miimeaa«l:]at'Ahe<etown 
pr middle, and ceiuM ^^ lAbe tspdngiiig, 

twhftrerbedtplal^ fiMten«d'4o<Ahe >slQi^- -QHJ^VMti K^'^u^petm^n J^Vj^f^j*— 

' work rei^ved dsve*}^ trnminfitiiig tbloflfc ; .JHSttionkol iNQtiei^^-^httmsigr -/f iHe 

twb9nthisop<nia(i(H]|)»ddtoeiirfibqol»A«d, yGUmnmif .Qurve.; idaimlaiimi i^ Ms 

jhe <s^tf«s were letrA^eil^y HCltdgithe J?«rw2 t«ii^ 'l!fin»9n8..^1iamiimi' fof 

whole ironjM^ wilh4fPg;^«4g^^ti^f n Qmiii'SMiim^ — \QM^iaii«m *iind *Ki~ 

in at the^spHpgifigs* [Qbisjisia -fine .icon thv^iimt pwdt«»d 4giiEi Mhain Stidgfe 

bridge, although a prQf«ijB4«ni»ftmiil«wl b^ ijtasmg Itoaih amd Mmdf*^^/ 

haa been Iiieapted' ufion lit* iiK^thiir 'tioes nAe KGhants : ^igwe ^of ikmt iomfin ; 

it present '«o i]ight?nii iUppffAHiiwe ms i^^m/ '^ UmpgrnUmje-j Jengih of 

might h»ve ^b^ep gi^en, !«ii«i iwbtah t/iw**-; 9kt9ngth .of .6oftj-.-^«IWr<? 

mark0 Bkhopw^rnMMlh rBriiig^.^An iCa4/i(if.^HaS(!a&^'/y qf Me Bitfn^^iOf 

equal in Miidthjiiaud sjpan within a .^b«¥ iihei3ham,^uiJknimgs,-^JEhtepipiiom'0f 

feef;, yet^ix and a h^f jtimes rless 49«ight the FnHmrg^MefmU HwtgetfardJdar^ 

of matefi^l iWAs eoifilQyeid I S.Qtilhw«|k Jpei, jQr«4ge'^,^„,^Bm^s. 
Bridge wae ^ built .by .^eimie, ..between 

13 14. and I619»in Ihe^upvifiig^ nrhiah .N4»t ito « .common log or beam, the 

y^ar it wast^f^en^d/or.tfofllc. .most (e«sy and simple. fionttivanoe jfor 

Theieiftfe niony<oth€if:Qiisti4rana?QhAd eaU^Hahing .-^a izonaltanj; oommuniQatian 

bridges of i^eat rinflvit *.«refi^d in (this j^iiofnibanktto h«Qk«of«a driver, or hetif¥Q««i 

country. At .^^wjmftbuio^ Telford (Ccp- .ptojeoliDg portios^ ixf an intenvenmg 

fitruQted a .^i^ ilight ACQh> of 170 fctet, <g2|{),..is thai 5>f -a rope ^or fflexible Jine; 

across :the ,Severq, ^with r^if iae «f lonly indeed, dfteG!QiR«ity*iai»st h»\e gixenbiisth 

17 feet; there ,Ace ««ix.iib^, .about ?3t^ ito fthe ifkii*^* ^inae, 4n tumny .parts 'o£ 

fe^t deep, ^eaoh^uceight pieces, iir<)n*bdr f^utti Aj»«iiaa ti»d Central .Asia, >tiie 

QrQ9S-work ^wg :t\\e (Spaces between ^laoucitain xosd^ between .impefftAiit 

«ibs and roadway. A very flatjavch (Was plaets :Are f crossed by chaams and tor* 

.thcowntOVQr the Witlian^^at i^oston, in i^nts which are .ekh«r iteo ^ide ior ^ 

JLincolnshire, ,hy Beoni^ ihe rme ;b^iig leved pUyoJiif i.(»r pennHlJiSig fOf no tmeaBS 

no mf^rethan j»ur fee^,^ith a ^panvof lat iband in »aftriy or ^ven the .present 

one hundred. .AuiO^r ^of TeUbrd's 4tme jtf .making the pascnge. Jaucnds 

■irpn arches is a ^p^-ettyj^ridge le^erthe )«f tiavel lipoid abundant evidenee v^of 

Gloucester and ^]^iupiiighftm Canal, .at the use. and antiquity of these ^tvambling 

GaUon.; ,it reacl*9^ 1^80 ^et tacjroas, and hifh wji^ys in those ff^iaos. The Hioaa- 

cises 18 feet: tlte .^ppsoaisanfie .^^^sotid lajsa bavejlbheir^'^o/of , or 9o^,^tretchsd 

ribs is her^ .avoided* »Qfteh pitfee ^or acrots *» irapid ^waterfall or chaam rbe- 

block of A eib^ifig>a>iieQtaogular^«iaie ^maenxtwp logs, which iwce held by ^up- 

jvith two di^onal h«»6 >ttififiiig ihe taght iiitvQng:siaiiws driven -wrtl^ banks ; 

corners. ,lhts r<^ is passed iMreriiaDm, six <^itan 

(95.) Ii;Qn .bridges bane ihaeu hvkUt jtiiaes, forthse 4ake of ^acuiaty, andjcar- 

under the sp^ci^ic jtitAe of Auapen^on, .mtka^la^ol^ of twocdior^ind of puLk^ 
not having jiny smftnti^ s^hm Ao raush 



>T^^^— ^— r— I ' J I ■ t^^K^mm'^r^vv'^^^wwmwi^^mrmm^ii^^wm 



a name ; tMey .c(U)«i^ of a ^hug^ «nd i»y -* 'S^ inTefttifai^ .certatnly <«n0 premptftd 

no .means ,o]^gant . iron tvb, slotting [ligr jhi^iinatiiut iiiAn^l^, aswe me tbe i^i^r 

considerably ibelojW ithe roAil«<^, »al- -^wdnging tp ^attach ^a web .fcr fmure pos^e 

though stretching far ^bove it ^n ;tjae .tfc»oij(;h vtbe .air, « as ,tlie ^reheiwile-taifcd 

middle, from which;ba^ or r!ada.aicJhwg JROok^s (^fei^), on.wriYiqg at a stream m 

.to carry a road^yay: ibejatttr is.ithiis tl Tlf * ^"^^^^''Tiwwiw!! «n! 

I-: 11 J J 1*1 V \T, 'bwicn df a tree, aod ibeai lash toemselves one 

iUerally siispende4.aU^a>^ a«08^^ -SZotlier, fonrikig a chain, which commences 
PQUSldaisatiQn ^Ivaws .that the -Ij^le pf ^«gk,g.witll'the%«teeme-«»nkey eatehes a 

suspension Jbcidge canoot JUPtj^r^be J|p- tree on the opposite shore, when the suspensioa 

plied, 3ixice all ^Mr^sauve rfiofkmyed thy :^\j^^9 flm^leM^ as^ tbet^oi^ ^mmqa-dy^t. 

J^hese Ji^ertical tfJA^ Js 4fsi«^e4 J^ jin f In Sanskrit jAv^a means a swing. 
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with an eye through the middle, and but distant a day's jouraej, bears com- 

from which depends a loop of ropes, parison in form with modern structures 

constituting a questionable seat for the of this kind; from two main chains 

traveller, who holds fast by the sides of stretched oyer stone piers eight feet 

this loop, while he is hauled across by high, fastened at each end to the rocky 

means of a loose rope attached to the banks, depend bands made of roots, 

running blodk. Mr. Frazer mentions a which hold up a plank for a pathway, 

jhoola at Rampore as being nearly 300 These are probably among the earliest 

feet long from stake to stiUce. In the efforts in constructing bridges; instances 

mountain roads of South America a also occur of similar erections, probably 

similar bridge is formed under the title as early in date, but more traceable in 

of tarMtOf sometimes consisting of two origin, in the iron-chain bridges in 

ropes, each carrying a basket, which is Yun-nan province: one of them at 

easily pulled across — as the ropes are Quay-cheu is thrown across the Pan- 

inclined, one towards the nearer, and ho, a torrent of no great width, but with 

the other towards the further, bank. All precipitous sides, 
these hanging ways are of exceedingly Few suspension bridges appear to 

simple material — animal hide, vegetable have been built in Europe previous to 

fibre,^-canes, osiers, and such like, the last century; one or two only in 

affording abundant strength for their Alpine countries are recorded, and 

simple purpose. Capt. Buil Hall men- these were not calculated to inspire 

tions tne use of hide in a bridge of a interest in this kind of structure. A 

somewhat more refined character than beginning was made in this country 

the tarabita; two lines of these ropes, with one over the Tees, near Middleton, 

with a roadway suspended between in Yorkshire, about 1741; it was equally 

them by vertical ropes, stretched across rude and unpromising with its ancient 

the river Maypil (in Santiago, a Chilian precedents, being nothing more than a 

frovince), with a span of 123 feet, footway laid on chains stretched nearly 
[umboldt, in his travels, speaks of a tight; this unsteady support is said to 
rope bridge in which the tough fibres of have been nearly seventy feet long, only 
the aloe {Agave Americana) are twisted two feet wide, and swung sixty feet 
into a bundle or rope, four inches thick, above a dashing torrent. In addition to 
and stretched over timber frames on each ignorance respecting the nature of a 
bank ; the roadway lies on them, and suspended chain, the want of a proper 
is therefore curved. This bridge is material for substantial and durable 
stated to be 131 feet span. Mr. Miers* erections was a grand difficulty; ropes 
describes an admirable example of this of woody fibre and animal hide might 
kind in the valley of Aconcagua (Chili), be used in parts of the world where a 
having a railing of suspension-ropes traveller is an unusual object, and mules 
with vertical ties. We learn of two carry the only loads, but in districts 
instances in which iron chains were where commerce is active, and industrial 
long since used for suspension; over products freely circulate, such bridges 
the Tchin-tchien, a river running could appear but as toys.' Improvement 
through the mountain country of in iron manufacture awakened new in- 
Bhootan, north-east of EQndustan, terest in suspension bridges; their pecu* 
there is one called the Chuka-chazum, liar advantages were canvassed, their 
formed of five iron main chains, with scientific character studied, their eco- 
links a foot long, on which a floor is nomy admitted; and since the corn- 
laid ; two additional chains are suspended mencement of the present century many 
nine feet above the former, one on each admirable examples have been registereii 
side ; these are connected to the foot- in the history of social enterprise, 
way by vertical cords, affording both (96.) The general appearance of a 
assistance in suspension and a parapet proper suspension bridge is that of a road- 
for safet^r. No date has been found for way level, or slightly rising in the middle, 
the erection of this bridge ; its antiquity attached to a curved line by vertical 
appears to be so great as to associate rods, the curved line or chain depending 
the period with fable-history. A fellow from two towers on each side of the 
iron-chain bridge over the same river, opening or river, over which it appears 

to pass and descend into the ground. 

* Travels in Chili and La Plata, vol. i, This curved line, being the source of all 

p. 884. support in the bridge, is consequently 
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the most important part, and attracts 
the greatest attention, since its peculiar 
character and properties must be known, 
to some extent, before any judgment 
can be attempted in reference to the 
strength it may be advisable to give to 
a bridge, besides its general arrange- 
ments. 

When a chain, consisting of a number 
of small equally heavy links is suspended 
at each end, and the middle part allowed 
to ' hang downwards to a considerable 
extent, we may observe plainly that the 
curve formed is not part of a common 
circle; it has a peculiar disposition, 
which has thence been very significantly 
termed the catenary or chain curve ; a 

Fig. 104. 




comparison with the circle A 6 c B and 
parabola A^e B will exhibit its charac- 
teristics; it bulges a little more than the 
parabolic and much less than the circular 
curve; but for small arcs, or where 
there is little deflection, scarcely any 
difference can be observed between the 
three curves: when the deflection be- 
gins to be about a twelfth of the span, 
one may be adopted for the other with- 
out serious error, except when the 
length of chain is very great. 

The chain, although apparently con- 
figuring itself so variously, possesses 
certain constant principles, by which 
we may predict the curve taken when 
the weight and size are known, or de- 
termine the tension of each part of the 

Fig. 105. 



point of suspension in the first direction 
taken by the chain, or the tangent to 
the curve at that point : all the tension 
arising from gravity, that is, the weight 
of the chain, which acts vertically* we 
can proceed to calculate what must be 
the eflect of a vertical force acting 
equally on all parts of the chain while 
the opposing forces are the chain's re- 
sistance to rupture and the tangential 
support at each extremity. Such a cal- 
culation reveals to us all that we require 
to know about the curve — namely, the 
nature of the tension or pull at different 
parts, from highest to lowest point; and 
the depth or deflection a C occurring 
with any given length of chain supported 
by points at a known horizontal distance 
from each other*. 

We learn that the tension at C is 
least, and at A, the point of suspension, 
greatest; at the former point it varies 
at the measure A d (or cosine) of the 
angle DAE, made by the primitive di- 
rection of the chain and an horizontal 
line; it follows from this that as the 
chain is drawn more tightly, and its 
deflection decreases, the cosine A d will 
increase, — the tension at C will become 
greater, until, if the chain were drawn 
up to the horizontal line, A d would be 
equal to AD, and the tension at C 
would be equal to that at A: on the 
other hand, if the chain be further let 
down kd decreases, until, when the 

* The following equations will give the 
tensions, ordinates, &c., jirhen other quantities 
are known. T «» tension of the chun at the 
piers ; t == tension at any other point of the 
curve ; I s length of chtun ; S » span or dis- 
tance between piem ; tv = weight of a foot 
of the chain; x *= any absciss, or part 
of S; y B any ordinate or deflection ; e « 
any arc of the curve ; and 4 » the angle 
B A K Then 
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han^ng chain« At the lowest part the 
tension acts horizontally, and at the 
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which must be treated by approximation. 
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chain hangs TerticaHy, iLd would vanish, economy and the a d ii sa bility of reliev- 

or the tension be equal to notlWng, ing the whole diakk of ati unnecessavy 

which we know must be the case, weight; for it is ctttBta that much of 

These facts show the advisability of tlie middle portion of diain in bridges, 

allowing a considerable fidl of chain in a as generally constructed, is perfectly 

suspension bridge, since, by drawing useless, and acts most injuriously in 

the cliains too tightly, the tension be- augmenting the effect of all oscillations 

comes very great. At the point of sus- from winds or passing loads, 
pension A the tension will of couise The inutility of providing equal thick- 

vaiy with the weight and length of ness or sectional area of chain is obvious 

chain ; but supposing that constant, or without referring to any difficult calcu- 

that we are speaking of the same chain lotion, if we suppose a chain to be 

in diflerent positions, the tension varies suspended vertically, and of five links 

inversely as </«, or the sine of the angle a, &, e, d, e; the highest row e will 

DAB; that is, as cf^ decreases the have to support 3 x 4=s 12 links; the 

tension increases ; thus, if the chain next, </, keeps up nine links ; the subse. 
were horizontal de would be least, or w \C\({ 

the tension greatest; if the chain hang '^* 

vertically, de would be greatest, and ^*^*^* ^°"*' 

the tension least — equal (Mily to the 
direct weight of chain* 

The deflecdoB of a chain is, in prac- '?{ 

tice, generally fore*appointed as respects 
the middle point C ; that is, it is deter- 
mined to allow a certain amount of h 
deflection a C ; when tliat is done, it is 
still necessary to have some means of 
computing the deflections at each pohit, 

as 6 c, where it is purposed to attach a quent, c, six links ; by three links ; and 

suspending rod, that the laUer may be a, none at all ; yet the series a is made as 

made of a proper length. This may be strong as those at e, which have to do all 

approximately done by taking the differ- tiie work; if, then, the three top links can 

ence between half tlie span, A a, and support the weight of twelve links, or 

the distance A 6 of the place from the four to each link, the row h, having but 

pier, squaring the result, multiplyii^ by one to each link, has but one-fourth of 

the middle deflection a C, and dividing its strength called into action. By the 

the whole by the square of half tlie disposition shown in the adjoining figure 

span. The quantity thus easily oh- (No. 2), something of improvement is 

tained must then be subtracted from evident, for there are only the same 

the middle deflection, and we have h c, number of links, but the top row has 

or any other ordinate, as may be re- five links, while there are ten only to be 

quired. supported instead of twelve, as in the 

These must be considered as ap- present case the- e links require to 
proximate statements ; although an equal be strong enough to sustain only two 
chain figures as a catenary, yet so soon instead of four links each ; still the 
as the slightest variation of weight lower parts are stror^r than they need 
occurs, there is a change of shape in be. Then, again, we may consider 
the whole curve . in actual suspension what would be rtie effect on each chain 
bridges there are suspending rods, and a of any vibration, such as may arise from 
heavy roadway hanging on the chains, wind. Supposing the chain (No. 1) to 
allowing them no longer a catenarian be fine and equal, its centre of percus- 
curve ; they appear then to figure nearly sion or oscillation (in this case nearly 
as the parabola, between which and the analogous) would be at about b, or two- 
catenary there is considerable resem- thirds of its length from the point of 
blance. suspension (see Dynamics, art. 87, p. 28); 

(97.) A question arises from the fact whereas in No. 2 it would be nearly at 

that at the lowest point C, there is least c, and much greater leverage is given 

tension, whether it is not proper to give to the disturbing force by the chain 

less material there than at higher points; No. 1 to that by No. 2. Thus the 

there can be no doubt as to the pro- latter is far more secure, 
priety of so doing, both because of These remari^s apply generally to the 
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chain when hanging in the curve, except 
that the lowest link a is not without 
some tendon;, but, according to the 
deflection, there is more or less change 
of tension from the middle to each point 
of suspension^ for it is evident that the 
tension acts in the direction of the tan- 
gent to each point; thus, A B {fig. 107), 
being tangent to the curve at E, it will 
express the direction of the strain at E ; 
then measure on the vertical, CD, as 
many units of length, E^ as there are 
pounds weight in the portion E F of 
chain, and from / draw /T, parallel to 
the tangent at F, to form a triangle 
/T E; which, according to the property 

Fig. 107. 
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of triangles formed by lines liaving< di- 
rections parallel to tliose of the forces, 
expresses also the relative amount or 
quantity of those fopees (see art, 3, 
p. 117, of the present treatise) ; thus, 
while through the weight of chain mea- 
sured by E/ there arises a tension equal 
to £ T at the lowest point, a greater 
tension, equal to/T, bears on the point 
F. We might, by a similar proeedura, 
setting off Eg, EA, and o^er lines t» 
express the weights of chain in E G, 
E H, and so on, find tangent» g T, A T, 
all showing a <7ariation of tension^ finaliy 
becoming equal to E T. 

The curve formed' by such a modified 
chain is not a catenaiy proper, but 
approaches much more nearly to the 
circle, smee the superior weight o£ the 
upper parts bends Stose por^om more, 
and flattens the cvrve at it» lowest point 

A bridge supported on such flexible 
Irnes cannot preserve* its form, even 
wnder tlie ipflvience of very small foeces; 
the presence of an individual cm light 
care will give a new form to the chain, 
which, through the suspendin|r vods, 
aifiects the roadway; if it be near one 
extremity, ,.that part will be drawn 
^wnwards, to tl)e elevation of the 



opposite portion; this, in general, will 
bs small, since any weights which pass 
over the bridge are very inconsiderable in 
proportional weight, and a weiglit equal 
to one-tw^tieth that of the chain will 
not caus^an increase of deflection 
greater than a fortieth at the middle, 
when tlie middle deflection is one-fif- 
teenth of the span; it is, however, 
felt much more towards the towers of a 
bridge. A slight variation occurs in the 
tensions at di&rent parts ; the point of 
lea&t tension is brought from the middle 
nearer to the weight; the angle of in? 
cUnatton DAE becomes greater, while 
at the farther tower it decreases, thus 
throwing a pressure on the nearer tower 
tending to overture it in the direction 
D A: these are the actual tendencies of 
the structure, although it would be 
most improbable that such' extreme 
eflecto, iu all their injurious conse- 
quences, should fbUow, since the cliain- 
work of a suspension bridge is, in most 
cases, so ponderous that anv conceivable 
load commonly passing bridges could be 
but a minute fraction of its weight. 
These deflectional movements appear 
to increase somewhat less than as the 
weight increases ; it decreases nearly as 
the original deflection is less, or as the 
span is greater; it would seem to be 
advisable to give as little depth and as 
great a stretch of curve as possible, but 
as the eurve is brought nearer to an 
horizontal line there is great increase of 
strain on the chain ; a medium depth of 
curve must, therefore, be chosen, to 
combine the desiderata of expense, con- 
venience, and security. 

(d8.) Another matter of important 
inquiry in suspension bridges is, the 
variety of osdJJatory and tremulous 
movements to which such structures 
are subject; they wrise constantly from 
the passage of persons and vehicles, 
and nrequently from currents of air. If 
foot passengers should happen to step 
in a time equal to that taken by the 
chain ia making on«» two, or more 
(whole) v^ratioDS from pier to pier, a 
waving motion will commence and in- 
creaee while the disturbent is present ; 
if the successive iwpiulses be irregular, 
there wiM be an interference of the un- 
dttlttlionSk parti^y or wholly destroying 
each otl^r. The latter generally occurs 
on the pasaag^ of horses; both are, 
however, very ii^nous; a bridge at 
Broughton^ near Maochester, fell, in 
GOBsequenAe of sisty soldiers marching 
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regularly over it ; it was certainly not pendulum of two-thirds its length ; but 
well built, but such a strain was thrown as the curve becomes flatter this differ- 
on the bolts, through longitudinal vibra- ence diminishes. The following figures 
tion, that one gave way ; a similar acci- explain a few cases : — 
dent, attended with a feq|&il loss of 
Ufe, happened to a suspension bridge 
at Angers, in France, over which a 
number of condemned troops were pro- 
ceeding on their way to exile in Algiers. 
While the bridge was covered from end 
to end, one of the chains gave way, and 
the unfortunate men were cast mto a 
river swollen by heavy rains. There is 
no reason to suppose, in either case. These approximate values show that 
that the soldiers' steps were synchronal when the ratio of deflection to span is 
with the undulations of these chains, — as one to one,, or both are equal, the' 
the disorderly interfering vibrations catenary will oscillate in the same time 
being enough, with aay predisposing as a pendulum which is in length to the 
causes of rupture, to efiect a downfall, deflection as 3 to 4, or 3-4ths of the 
The effect of these undulations is to latter ; but when the deflection is one- 
carry the middle or lowest point back- fifteenth there is a difference of one- 
ward and forward, which must cause a eighth only between the depth of curve 
sudden strain and shock on the upper and a pendulum beating synchronically. 
parts at each tower in succession ; an We learn from these racts the import- 
additional strain arises from the roadway ance of reducing, as far as practicable, 
resisting this undulatory motion through the depth of curve in a chain bridge, 
the suspension rods. All these mixed since its vibrations will be very much 
movements give severe jerks to the less, and consequently less velocity and 
bolts, especially at the points of sus- momentum will be attained by the 
pension, where every succeeding wave swinging chains. As this destructive 
must be stopped. Calculation and ex- movement cannot be prevented alto- 
periment show that the motion of the gether, and the available preventives 
middle point increases with the deflec- are only two — variation of quantity of 
tion ; it has been stated as the square chain, and flatness of curve, it is neces- 
root of the deflection, which makes the sary to compensate and provide for any 
augmentation with increased depth of possible disturbance. The two pre- 
curve but small in comparison; it de- ventives mentioned prove also a relief 
creases as the span is greater, but in to the parts most ill-used by horizontal 
different bridges, where a deflection is oscillations; if the chain be one of equal 
given in constant ratio to the span, the strength, that is, varying in section (art. 
motion may be reckoned nearly as in- 97) from the middle to the towers, not 
versely to the square root of the span ; only will the vibrations be less because 
the velocity of the undulations increases its centre of oscillation (jfig, 106 No. 2) is 
as the span increases, permitting, as a raised, but having less mass than an 
consequence, less depth of wave. ordinary chain of similar total strength. 
The oscillations arising from winds and that mass moving with less velocity, 
are far more serious, giving a swinging it cannot but greatly reduce the danger 
motion to the whole chain, to which of vibration, and the roadway can better 
there is nothing capable of affording check its motion : the effect of reducing 
certain resistance. A hanging chain, deflection we have just considered, but 
like a pendulum, will oscillate through in so doing we subject the chain to far 
any laterally impinging force with a greater tension at the points of suspen- 
rapidity inversely as the square root of sion with the same force of wind, 
its middle deflection nearly : when the Little care is manifested in most sus- 
deflection is very great, a chain will pension bridges to render the oscillations 
oscillate somewhat quicker than a simple as harmless as possible ; should the 
pendulum of a length equal to the de- swing be regular, there is a fearful 
flection, — more so as it approaches a wrenching of the bolts at the towers, 
vertical line, for if both halves of the which are also endangered, but this is 
chain were brought together, it would not the case with a chain tied to a 
vibrate in the same time as a simple roadway, incapable of vibrating in the 
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same manner; there must be an hori- as it is at E, last fig. This plan has 
zontal undulation combined with the been adopted in a modified manner, in 
general oscillation, producing a strain the Bourbon Bridge (see p. 226) and 
most trying to the bolts and eyes of the others; its advantage does not consist 
links ; this effect has been much in- only in causing least tension, it directly 
creased in some bridges by making the prevents the oscillations and vibrations 
links very long, so that the leverage of to which one whole curve of equal 
these undulating forces is veVy great span would be liable; the expense of 
The above remarks apply only to chains; one pier is saved, as also a portion of 
many bridges are suspended from wire chain. The principal objection is the 
cables, when the only bad effect of such difficulty arising in building a pier in 
motions is a transverse strain at different deep water, or the middle of a stream, 
parts of the cable, especially at the There is no practical limit to the 
towers, but not nearly so destructive as span of a catenarian bridge if the points 
in the chain-work. It is the curious of suspension or towers may be raised 
property of some winds to move by as high as necessary, and that with any 
starts or fits, often occurring with regular particular or given section or power of 
intervals, and to these are the violent chain ; for, knowing by calculation what 
oscillations to be attributed. Two re- will be the tension with any span and 
markable instances are on record. The deflection, we may assign such a value 
fine chain bridge over the Menai Strait for the deflection as shall bring out any 
was visited by a tremendous storm of desired amount of tension. No bridge 
this character thirteen years after its at present known approaches the limit 
erection; the chains beat against each of span; for if we take the weight 
other, to the serious injury of several which an iron rod will sustain before- 
bolts, and some parts of the roadway any destructive extension of its parts 
were torn up through the suspending occurs, the limit is about 3000 feet when 
rods, many of which were broken; this the deflection is 1-1 3th of the span*, 
occurred in one night, and on the fol- an extent more than three times that of 
lowing morning the bridge was found to the longest suspension bridge, 
be impassable. Another accident of this Variations of the temperature will 
nature happened to the Brighton sus- aflect large bridges to some extent ; as 
pension pier, on the 30th of November, the chain-ends are fixed, any lengthening 
1836; a storm harassed the pier, cans- of it must depress the middle portion, 
ing the four 255 feet spans of which it and with it suspension -rods and road- 
is composed to oscillate and undulate way : this will happen to a considerable 
for several hours, until the third of amount with most structures, since but 
them began to yield ; its side-rail first a small deflection is allowed, when, bs 
fell into the sea, when the roadway was is common, it is l-15th, an increase of 
so torn up by the great longitudinal length of chain to the extent of 1-lOOOtb 
undulations of the chains, that shortly of its whole length will produce a de- 
afterwards it gave way also; in this pression in the middle of 1 -25th of the- 
instance, as probably in the former, deflection. Thus, if a chain 600 feet . 
destruction was caused principally by long suffered an extension so great as- 
undulations. 1-1 000th of its length, and its deflection 
(99.) So long as the preceding pro- were in the above proportion, or 40 feet, . 
perties of the chain curve are borne the latter would be increased to 41}. 
in mind, various dispositions may be feet. A considerable variation occurs i0< 
adopted for suspension bridges. The the Menai suspension bridge, from the- 
mes t common practice is to erect two change of temperature between winter 
piers at each side of the opening to be and summer, since the metal expands 
spanned, and by the chains over them, 1 -3040th of its length for 50^ increase 
each extremity of chain being firmly of temperature. We learn ft-om this 
attached to masonry or rock under- fact the necessity of allowing a little 
ground. This is probably the simplest space for movements arising from this 
proceeding, and forms an object of great and other causes : if the fabric be made 
beauty. & it be desirable to reduce the rigid it must suffer, but should it be con- 
tension, it may readily be done by re- structed so as passively to adapt itself like 

moving one tower ; for in order to have ; 

the least tension it is necessary that * Navier, H^moire stir les Fonts Suspea* 

the tangent at one end be horizontal, dus, p. 175. 
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the chaiD, to meet any change of drcuin* 
stances, it will, like the latter, escape in- 
jury: alterations have sometiraes been 
DOMule subsequent to erection, in order 
to allow of more play. 

(100.) Chains, as they are called, at* 
made for this purpose of long links or 
bars of wrought iron, with holes or eyet 
at each end, through which stout bolts 
are threaded, and kept in by a nut 
screwed on at one end, and a head at 
the other; such a chain forms a poly- 
gon, through each angle of which the 
catenary curve passes. Various lengths 
have been given to the bars or liidcs; m 
the Isle of Bourbon Bridge they are 4f 
feet kmg, in Hammersmith Bridge 8 feet 
10 inches, in the Menai 10 feet, in the 
Union Bridge (over the Tweed) 15 feet, 
and in that at Hungerford Maricet, over 
the Thames, 24 feet long. The only 
reason assigned for makii^ leog linn 
appears to be that of Capt, Brown, on 
whose model the Tw«ed Bridge was 
erected, — that the iron links are w&ak 
in the eves, so that it ie desirable to 
have as few eyes as possible ; otherwise 
the long links are very prejudicial, — the 
line of pressure or tension does not pass 
through them, except at the bohs or 

{>oints of junction between each aet of 
inks ; there must be a constant unequal 
stnin on the parts where this line cuts 
the edge of the bars. Again, in vertical 
undulations anriskiig from passing loads, a 
much more harassing strain is commu- 
nicated through the rods to the road- 
way; when horizontal oseiHatiohs and 
undulations occur, the evil of long rods 
is still more striking, the twisting and 
wrenching at each joint or boh gaining 
greater effect as the bolt is longer, since 
a force appKed at one end has the 
leven^e of nearly the whole length of 
the bar, when acting on the eyes of its 
companion bars at the opposite eK<- 
tremity; Hungerford Briti^ stands re- 
marisable for these unfavouorable qua^- 
ties. 

The bolts are an nnportant element 
in the structure o£ a chain ; idthough 
there may he abundmce of strength in 
the links, unl«7S there is similar strength 
in the bolts, safety is uncertain in the 
bridge. A few pages back Broughton 
suspension bridj^ was mendoned as 
having given way at a bolt; in the 
Menai Bricl^ it appears that the ik>lu 
are not so strong as the chains. Thehr 
strength is as the cube of their diameter, 
and inversely as their length*, whence 



we make a formula for calculating their 
power in any case, multiplying the 
quantity by the strength ef (or weight 
borne by) a bar one foot long, and one 
inch in diameter, which is ti^en as a 
Obit; this is 800 lbs; then the rule 



strengjth 



diameter* BOO 
length 



A number of bridges are supported 
bv ropes made of wires in place of 
chains; the largest suspension bridge 
hitherto erected, that at Freiburg, is of 
ware rope. Much has been said of the 
inferiority of wires, in comparison with 
chains, but most of those evil effects from 
vertical and horizontal motions which 
apply to chains vanish in a wire rope : 
there are -no joints to ruptin>e, the 
tHUNverse strains whidi may happen in 
undolations are very small, and the ira- 
dulatioas more regular ; and there is no 
weakness arising from eyes and bolts^ 
In addition to these lesser biai qualities, 
iron wire is stronger than bats, and a 
rope can he made much more easily 
tfasn a chain -of bars, as there is no 
trouble of adjustment sknilar to the 
latter : the reasons advanced against 
the use of wire are on the supposition 
of bad woricmanship, and, therefore, 
not of moment ; when variation of sec- 
tion, boweT«r, is considered, the rope 
is tmsnitable in its plain form, which 
makes, of equal diameter throi^out; 
but where this iasportant improvement 
is not attended to, the objections are 
irreiervant. 

(iOK) The points of support require 
less carefal consideration than in tmii- 
nary arched bridges, since, if the chains 
be properly placed, there is a plain 
vertical pressure on them; any more 
intricate consideration must arise from 
improperly faangmg the chains or hori- 
zontal oscillations of the chains in high, 
and, therefore, rarely-occurring storms. 
We may determine the xnressure exerted 
by the cliain according to art. 44 ; the 

JFXg. i08. 
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horizontal pull of the central span C D ground surrounding, neither should there 
will be proportional to a, or the cosine be any allowance for the assistance it 
of the angle A or a C 6 of suspension, and may be supposed to offer to the chain- 
the opposite pull of the back-stays C E is tension, — a deep flood, or accidentid 
proportional to e C, or the cosine of the overflowing of any neighbouring coUec* 
angle 6 ; also a yertical pressure arises tion of water, may efaow the untrust- 
from both curves proportional respect- worthy character of the foundation, by 
ively to ab (the sine of the angle A of their giving the chains full liberty to go 
suspension) and cd (the sine of B). So where they please. Sudi an accident 
long as these angles A and B are equal occurred in a suspension bridge, built in 
there is no pressure, except ^ecombmed 1823 over the Seine, at Paris, by M, 
downward pressures ed and ah; but Narier; although he Irad well investi- 
shonld the chains be brought down too gated the principles on which abutment- 
rapidly to their fastenings, so as to give equilibrium rested, his bridge was doomed 
a smaller angle at A than B, or vice to demonstrate that the abutments were 
vend, there must arise a strain tending unsound ; when the chains were 8us« 
to drag the pier inland or into the ^^ter pended, the masonry exhibited a few 
equal to the difference of the cosines;, chinks, which increased to Assures two 
that is, Cc '-Cd, or Cd^Cc; other- niches wide when the work was corn- 
wise it may be stated that the diagonal pleted. In a little time a water-pipe in 
or resultant C F of the two forces acting the vicinity burst, and softened the 
in the direction of the tangent to the ground about the masonry ; in eonse- 
curve, as A E (see Jig, 105, ante), will quence, the chains pulled np the stone- 
not be in a vertical direction, but more work, ornamental Kons and all, and, 
or less approaching the edge of the piers with the nearer suspension^piers, quietly 
at their base, and endangering their slid into the river. It eeems plain, that 
stability : the conditions of their equili- in this example the weight of masomy 
brium under such circumstances may be was not equal to the pull of the chains, 
learned from the principles stated in ^^^ that it stood, before the water-pipe 
art. 44 of the present treatise. Instances burst, merely by the weight and co^ 
of chains so placed occur in the Union hesion of the surrounding and inonm- 
Bridge over the Tweed* in Hammer- bent earth. The latter material should 
smith, and Hungerfcnrd M^et Tlie certainly be employed as far as possible, 
error in these cases permits the chains hot only as accessory to the generid 
to pull the piers towards the middle of security. In all cases, where possible, 
the stream ; in the Menai Bridge the the chains should be carried in a verticid 
error is on the reverse side i there the direction through the masonry, and act 
chains have a slight tendency to carry upon it in that direction, for the pull is 
the tower summits towards the Lmd. resisted by all the weight of stone- work; 
Practically, no destructive result hap- >f it be merely slanting, the only force 
pens in consequence of this force, or to resist rupture is the adhesion of the 
those arising from horizontal oscillations, mass of abutment. Also the chain 
because a spreading base is genenilly should be fixed at the base of the 
allowed to the piers. masonry, as all below the attachment is 
(102.) Next to providing sufficieHt nearly useless. In M. Navier's bridge 
strength of chain, its secure usteniqg at this fault was present, and much of bis 
each extremity is of greatest moment ; abutment did no work, 
inattention in this respeet must nrove (103.) The principles of the catenary 
most inimical to the structure. Where curve were known many years sinte, 
rock constitutes the foundation on which Leibniti, Maclaurin, and others, having 
a bridge is erected, a natural abutment investigated it by means of a new method 
is at once offered ; the chains need then of calculation which had not long been 
only to be carried down through a tunnel discovered. Its cliaracter, as then pub- 
cut in the rock, and attached to a cross- lished, did not incite the engtaeer to 
bolt or saddle, catching against shoulders turn it to use, and not until by slow 
cut in the rock ; such a method of fixing degrees materials were found capable of 
the chains occurs in the Menai and cariying out the idea, and men were 
Freiburg Bridges. In general, however, forced -to find some new means for the 
no natural provision can be expected; onward pressure of social improvement, 
and masonry must supply its place ; no did any one think of a catenarian bridge 
dependence can be placed on the light as a means of general transport. Mr. 
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Finlay, in Americft, stands first in prac- 
tical attempts to utilize a suspended 
chain, and built several bridges of con- 
siderable span on the method which he 
patented ; one was over the cataract of 
Schuylkill, 806 feet long, of two chains, 
deflecting one-seventh of the span ; at 
the middle the roadway rested on the 
chains. In Europe, M. Belu appears to 
have commenced the subject by pro- 
posing a suspension bridge over the 
Rhine, at Wesel, having a span of 820 
feet; this was followed in 1814 by a 
proDosal still more extensive on the part 
of Mr. Telford, for a bridge over the 
mouth of the river Mersey, at a place 
called Runcorn Gap ; this structure was 
to be 1000 feet span between the 
towers, with a deflection of 50 feet; the 
whole supporting work being four pa- 
rallel lines of chains. 

Shortly before this time Capt. S. 
Brown had brought before public notice 
a plan for erecting chain brieves, in 
which long round or flat bars, with 
welded eyes or drilled holes, formed the 
links, and he undertook a number of ex- 
periments to determine the strength of 
such links in composition, and to what 
extent they might be strained without 
injury; these experiments relate not 
simply to the ultimate strength of iron, 
but to the strength shown in a modified 
state, and under certain practical restric- 
tions; they are, therefore, valuable as 
specially concerning suspension bridges. 
Mr. Telford made another series of 
experiments, with a similar object, when 
he proposed the great Runcorn Bridge ; 
and his results, together with those of 
the former and other experimenters, are 
very instructive. Nine experiments were 
made on plain iron bars, by stretching 
them with an hydrostatic press, and eli- 
cited the following results : — 



No. 1. 


Welsh iron ; 


bore 


tons. cwt. 
29 6 


No. 2. 


Ditto 




29 16 


No. 3. 


Staffordshire 




27 3 


No. 4. 


Ditto 




27 10 


No. 5. 


Welsh 




29 


No. 6. 


Swedish 




29 


No. 7. 


Faggotted 




29 


No. 8. 


Staffordshire 




31 


No. 9. 


[not stated] 


9] 


31 16 




1263 11 



These are Mr. Telford's results, and 
give a greater strengtii than those of 
Capt. Brown, whose mean is 25 tons; 
both cases are supposed to be somewhat 
beyond the truth, as the captain's test- 
ing machine was calculated to show less, 
while the hydrostatic press showed 
greater, than the actual amount; the 
mean of the two, or 27 tons per square 
inch, is, therefore, considered to be 
nearer the true strength. When the 
iron was bent to form chain links an 
area of 3^ square inches bore 76 tons, 

76 

which gives ~- s=21^ tons per square 

inch, showing that through bending the 
bar at each end to form an eye, 5^ tons 
of its strength were lost 

When 27 tons is stated as the strength 
it is not to be supposed that such a 
strain could be safely allowed in any 
practical case ; long before this ultimate 
number was obtained the. bars under 
trial stretched considerably; in experi- 
ment No. 9 the bar, which was 2 inches 
in diameter, bore 100 tons before break- 
ing, but under a pull of 45 tons it began 
to stretch so much as a tenth of an inch 
per foot of length, and recovered only 
one-fortieth of an inch when the strain- 
ing force was removed; subsequent ex- 
periments prove that ten tons acting on 
a square inch will injure the elasticity 
of a bar, but nine tons can be constantly 
borne with safety. Thus, from 27 we 
are reduced to 9 available tons per 
s(]^uare inch, or one-third, as safely per- 
missible in a suspension bridge 

Steel has been advocated for chain- 
bridges, on account of its great strength, 
Damascus steel once refined bearing 36 
tons, and twice refined, 45 tons before 
breaking; its scarcity in comparison 
with common iron appears to be the 
chief obstacle to its use. 

Iron wire has also been tried with 
reference to its ability as a suspension 
material. Mr. Telford proved its strength 
when suspended vertically, and alsa 
when hanging in a catenarian curve 
over props, with weights attached at 
different parts. The results obtained 
in the former position of the wire were 
as follows : — 



Mean strength 29 5§ 



l.m^ 
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No. of 
Experiment 

1 


Diameter of 

Wire, 
in. 

•0867 


2 


•1000 


8 


•0600 


4 


•0479 


5 


•1000 


6 


1000 



Breaking 


Breaking weight 


weight. 


per square inch. 


lbs. 


tons. 


631 


357 


738 


42-0 


277 


42-9 


167' 


38-1 


630 


36-8 


634 


860 


Mean 


. . 88-4 



An average strength of 38| tons nearly 
was thus shown by iron wires of different 
descriptions : this speaks most favour- 
ably for its ability as a bridge-building 
material. 

These wires were further tried while 
hanging over a support near one end, 
and attached to the wall of a house at 
the other ; three weights were hung on 
the wire at equal distances from each 
other, and a greater weight at the 
movable end, to determine the tension. 
They exhibit great powers in iron wire, 
although, unfortunately, the experiments 
were conducted in a manner which 
renders them of little service. Colonel 
Dufour, of Geneva, made some similar 
experiments, previous to erecting a wire 
bridge at that place, and obtained a 
mean strength of 41*7 tons per square 
inch, being above 3 tons to the inch 
more than Mr. Telford's numbers ; and 
this was exceeded by M. Vicat, who 
found some wires able to bear 47 tons 
per square inch; the least value — 38^ 
tons — must, therefore, be considered as 
a very safe estimate. 

1. Freiburg Suspension Bridge. — 
With respect to proportions, this is the 
bridge of the greatest span hitherto 
erected ; it is suspended highest in the 
air, occupied a moderate time in erect- 
ing, and incurred but a small expense. 
It was built in consequence of the 
natural difficulties which prevented the 



town of Freiburg receiving many visits, 
commercial and otherwise, whicn it has 
done since this means of communication 
was formed. Freiburg stands on the 
sloping side of a hill, wmch is separated 
from its neighbouring height by an in- 
tervening vaDey between two and three 
hundred feet deep, and called, because 
of the little river which winds through 
it, the valley of the Sarine ; across this 
valley lay the road connecting Freiburg 
with the German frontier, and the 
ascent of the hill was made by a twist- 
ing and difficult way, presenting some 
very steep inclines. In 1830 a French 
engineer, M. Chaley, proposed to erect 
a wire- cable bridge reaching from one 
hill to the other, — a distance of nearly 
900 feet at the spot pointed out. After 
pecuniary agreements this engineer pro- 
ceeded with the work on the plan he 
offered, which was to erect a bridge 
capable of bearing passenger and goods 
traffic ; two towers were to be built on 
each hill side, at a distance from each 
other of 870 feet, between which four 
wire cables, — two on each side of the 
roadway, — were to be stretched, giving 
a curve 63 feet deep in the middle ; 
suspending the roadway 167 feet above 
the level of the river. 

The general appearance of the bridge 
may be conjectured from the accom- 
panying figure, and the details of its 
construction will receive illustration 



Fig. 109. 




from the partial diagrams ; a description ive, since the bridge is a model of its 
of such a structure must necessarily be kind ; to give it as clearly as we may, it 
somewhat long, but it is very instruct- will be advisable to diviae the explana* 



218 MECHANICS. 

tion according to the seyeral parts con- tinued until one strand, or 56 threads, 
stituting the bridge: — 1st, the main had been unwound from the reels, when 
cables and the manufacture; — ^2ndly, the end thus arrired at and the end at first 
the mooring cables; — Srdly, the masonry fixed to the block were bound together ; 
above and below ground ;---4thly, raising the whole bundle was also bound at 
and fixing the cables, and arrangement each end, and every three or four feet 
of the roadway. of length. A coating of the preservative 
1. The Mam Suspension Cables, — mixture before mentioned was now ap- 
These most important elements of the plied, and the prepared strand laid aside, 
bridge are composed of iron wire 0*12, Five of these strands were made in a 
or little more than one^enth of an inch ireek by as many woffcrnen. 
in diameter, a lineal yard ^ which S. Mooring Otiies. — These were in- 
weighs nearhr two otmoes. Each cable tended totid^ethr ends of each suspension 
(made up of 10!56 Knes of wife), is 5^ cable when it passed through the slopii^ 
inches in diameter, and 1228 feet long, gallery 6 {fig, 110), and constitnte die 
being bound up into a cylindrical form final attachment to the heavy masonry, 
by iron wire at erery second foot -of its They were made in « manner similar to 
length. The wire was supplied in coils the former, but thicker, and when taken 
of 16 or 20 lbs. weight each, and if found off the stirrups on which they had been 
to be good, passed through an introduc- wound, in consequence of elastic force, 
toiy process of boiling in a mixture of they twisted and curled up like a cork- 
linseed oil, litharge, mA sooft ; the wire screw. To obviate this difficulty series 
was then hung up to dry. This was in- of laths were bound round the cable 
tended to preserve the wire irom rusting, before loosing it, and little of the former 
The lengths of wire, fShxt the preceding effect followed. Great care was taken 
treatment, were rolled on reels abore a to bring all the wires t;omposing these 
foot in diameter, and when one length cables into equal tension. They were 
had been wound on, the workman each four inches in diameter, ana corn- 
twisted the Temaining end with the posed of 528 wires, 
extremity of another length, tigibtly 3. T^te Mhsonry, — Eacli pier ts 
binding the two with annealed wire; so founded upon the rock, is 66^ feet 
well was this junction effected that on high above the road level, and 
testing the part it never gave way before gracefully arranged as a Doric portico, 
some other part of the wire broke. On They present an arched opening 
account of the great weight of a com- 48 feet high to the passenger, eacn 
plete cable, and the difficulty of raising of the sides bearing three pilasters 
it to so great an elevation, it was and an entablature. Jura limestone 
made in parts, called strands, which faces tlie basement courses, but the 
could be separately raised : they were interior and upper parts are sandstone* 
twenty in number for each cable, and finely dressed* so as to allow of no 
themselves consisted, — ^twelve of tfliem vacant spaces in the stonework ; the 
of 56 wires each, and eight of 48 latter material was readily obtained, 
wires. To manufacture one strand a as it constitutes the moimtaTn masses 
walk or level line was chosen 614 feet on each side of the valley ; when first 
long — for want of a longer — r^iich quarried it was found to be easy in 
being just half the length of the st.and, working, but afterwards dried and be- 
the wires had to be carried twice along came hard ; on proving its strength by 
the walk. At one end were firmly an hydrostatic press, it bore 555 lbs. per 
fixed two blocks of oak, to which were square inch of surface without injury, 
hooked iron stirrups; an end of wire In the upper part of the piers apparatus 
on the reel being fastened to one block was placed for accommodating the 
was passed round the stirrup, and the chains; it consists of three rollers, 
reel carried to the other end of the giving as many points cf support 
walk, where the wire was tried by a to the cable A, which is allowed to 
weight of 220 lbs., and, sustaining the spread oat and form a band at these 
proof, it was passed round a senucylin- points ; every facility is afforded by 
drical block, also firaUy fixed, and then these friction rollers for slight move- 
borne to the point whence it started, ments of the cables in consequence of 
but was placed round the ^second stiv- changing temperature or sifflilarly-actiisq; 
rup ; this length was alto tried by the agents, while, by their ^dii^iosition, the 
test weight, and the movement con* oables are not damaged by sndden'bend^. 
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Those portioHS «f the maatmtf wbidi 
may be ceUei mtdergrsuad, fn (Im 
sloping galleries G, thnvgh wlach tbe 
cables pass, and are cotwesteCl with the 
mooriBg chcins, and tbe Terti4»l moo«- 
ii^ abiais H ; the fcfMer woo eicBT*- 
tions SIX and a half fact Mtunre, taoM 
with limestone •rchcs. ThB mooriog 
shafts H commence at the iowef «i. 
tremity of the gaU^rieB, at)d are cut in 
the solid rock R, to a depth o^daklaatf 
they are ebo 10 ftet broad, S tast 3 
inches nide, aad fbo' in nniber. Jn 
them was fitted the ^HonryUiiateiided 
to hear all the weigiit from the cable, 
and for this oll-ioipoitant puipme it 
was admirably arranged. Jkngnlar inci- 
BJons were made in tbe rock, at three 
places, which new sobsequeatty SUed 
witli itonewoifc of a dwecM tinmi, and 
faaving all the pociriiiiT exoeUency a£ 

Fig. 110. 



that descriptim of joMt; the mooriag 
cables B, which wore carried tbroagh 
this fiHing-in, lud tlms a most tecwe 
abutment at Uk lowier part. A anwdl 
passage P, about six fe«t bigh, extends 
under the cable fastenisgi, to &cilitatc 
4faeic jiupectian, comnumicadng with 
tbe ground tvifaat by an horiatHital 
^iery cut trom ibe hill side — a dislM>«c 
of nearly iSO Etet. Umeslone suf^lied 
die mMeHal foi tbaM mooring abafc, 



and was obtained from the quarries of 
Neaville and Lei^naa, situated on mi 
inferior branch of tlie Jsni mountain- 
chaia, about 30 miles haa. Freiburg j 
on bring tried stmilaTly to the aandfitDne 
it was fbund to be otpable of bearing 
8307 lbs. on the superficial square inch 
without iiyiny. 

4. Jbmiog the Cablti. — Wlien ev«iy 
prelimiaary aRxngemeDt had been made, 
and all the stoaeworit lecure, two wind- 
Imses were placed on each tower, one 
at each point; two midway betweea 
them down in the valley ; and one in 
each sloping gallery. Round No. 5 a 
hempen rope, an inch is diameter, was 
wound, thence it passed twice round 
the axles of the windlasses No. 3 on 
the tower, and descended towards the 
valley, being joined to another smaller 
rope, which reached windlass No. 2 ; 
the same being done on the other side. 
A drum six and a half feet in diameter, 
bearing one strand, wound not as usual, 
but beginning from the middle, so as to 
leave both ends on the same side, was 
then placed between windlasses 1, 2, 
and an end of the strand attached to 
each rope ; this was followed by a 
working of the windlasses 3, 4, at Ijoth 
piers, and the small cable gradually un- 
wound and rose in the air towards its 
intended location ; when the ends had 
reached the towers, one side ceased to 
work, while the workmen at the other 
side drew their end over temporary 
rollers on tlie top of the pier, and 
attached it to a rope from windlass 
No. 6 in the sloping gallery, which, on 
being worked, drew the strand over 
permanent friction rollers on the pier, 
and brouelit its end into the sloping 
gallery. Workmen at the other end of 
the bridge wrought similarly, and brought 
up this first strand to a proper curva- 
ture. To determine this properly two 
logs or benchmarks had been fixed at 
each side against the piers,. the line of 
sight between which formed the ap- 
poiMed level for the roadway, and as it 
was iatended that tbe cables should 
d«MeNd to this level, it was determinedt 
with tolerable accuracy, by drawing the 
stntnd uiuil the lowest point of its 
ourve touched this line of sight Moor- 
iag chiles were now brought down the 
^leries, and drawn down the shaft, 
throaghile small opening, by a windlass- 
wnrked rope. When this cable was 
M«ured in the aanaer shown in j^. LIO, 
it waa ready to take kold of the sus- 
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pended strand; but the latter Was not 
attached until another strand was raited, 
when one of them was placed on each 
side of the mooring cable, and a con- 
necting bolt passed through the stirrups 
attached to them. This process was 
continued until forty strands were drawn 
up on each side of the bridge, forming a 
pair of bands each above two and a half 
feet broad, and about 30^ feet iqpart; 
they were divided each into two bundles 
A A {fig. 111), of twenty strands, and 
bound up in a cylindrical shape by iron 



Fig, III. 
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wire, leaving those parts wliich rest on 
the pier friction rollers as a band. The 
work of attaching the suspension cords 
S now followed ; they are composed of 
30 wires, making ^a diameter of one 
inch ; their greatest length is about 54 
feet, and least 6 inches; each end is 
bent round a stirrup ', «, to afford 
means for suspension, in a manner 
shown bv the diagram; a hook loop 
catches the lower stirrup, and takes in 
its loop one end of a road beam D ; the 
upper stirrup embraces a saddle e, which 
also embraces the pair of cables A A. 
A distance of 4 feet 1 1 inches separates 
the suspension ropes. 

When these had been distributed on 
each side of the bridge, and the sus- 
pended beams placed between them, 
longitudinal planking was laid pn the 
cross-beams I), with another layer of 
cross planks, which form the carriage 
way. The footpaths are raised about 
7 mches above the carriage way, and 
are very narrow, being not more than 
2 feet 9^ inches wide, while the carriage 
way takes up 15 feet 5 inches, making 
the total width between railings 21 feet 
The total deflection of the bridge, when 
completed, was 63^ feet, and its length 
8701 feet, which gives the proportion 
for the deflection l-13|ths greater than 
the most advantageous ratio, which has 
been stated to be about l.l5th. The 
platform hangs 167} feet above the 
river Sarine, immediately below it. The 
following is a siunmary of the dimen- 
sions of its principal parts :— 



ft. in. 

Length of suspended roadway (£ F,^. 109) 807 

Deflection of the main cables 63 3 

Height of roadway above the river Sarine 167 4 

Bise of platform in middle 18 

Main cables, of 1056 threads each, diameter 5*5 

Iron wire, diameter 0*12 

Width of roadway 210 

Total suspended weight 296 tons. 

Altogether Freiburg Suspension Bridge span, by a hundred feet, of similar struc- 

must be considered as a noble specimen tures in this country, is, in other respects, 

of its kind; its elegant simplicity accords the most remarkable of our chain 

with the locality and scenery ; its great bridges ; and previous to the erection of 

span and comparative lightness are most its grand coii(ipanion, the tubular bridge, 

striking to the eye and reason, and its it stood without an equal. In describing 

scientific disposition is very instructive, the tubular bridges abundant reference 

The cost of this bridge was 24,000/., or has been made to the character of the 

one-fifth the expense of the Menai Menai Strait ; it interfered, in the pre- 

Bridge, which is 300 feet less in span. sent instance, with a main road, made 

2. Menai Suspension Bridge.— This at the country's expense, through North 

bridge, although now not the greatest Wales to Holyhead, which is the nearest 
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station for steam communication with of the bridge, preparations for the chain* 
Ireland. A ferry was the only means work were quickly proceeding ; the 
of transition between thcL Welsh shore parts composing each chain were links 
and that of Anglesea, and although but a of wrought iron. 10 feet long, ^^ inches 
few hundred yards, it proved, on account broad, and 1 inch thick; at .both ends 
of the current, an unsafe conveyance, an eye* or hole was bored to admit a 
In 1818, after previous entertainments bolt three inches diameter, and weighing 
and abandonments of the idea, Parlia- 56 lbs. ; with this a series of links were 
roent came to a decided opinion, and united to the next. Five of these bars, 
Mr. Telford, who had been engaged in side by side, form one link of a chain, 
laying out the main road, selected a and are connected with the next row or 
convenient site for the intended bridge; link by coupling plates or small links a, 
it was at a point where both banks ap- No. !> 16 inches long ; when a chain 
proach to within 906 yards at high, and j^ . ,^ 
160 yards at low water, with a rock Jrtg. ii^. 
appearing at low water near the Angle- ^^ -^* ^^ 
sea shore, called Ynys y Moch (the pig ^^■■■■■■■■■■■■i^Bi^J^ 
rock^. Over this place, and between 
two high rocky shores, a bridge was to 
be built so as to leave clear waterway 
between the submarine rock and Car- 
narvon shore, which are distant nearly 
six hundred feet, for large vessels to sail 
under it. From his experiments made 
to gather data for a proposed large sus- was completed it consisted of 935 bars, 
pension bridge at Runcorn, Telford had was 23^ tons in weight, and 1710 feet 
obtained some acquaintance with bar- in total length. Every bar was dipped 
chains, and the strength of iron in that in linseed oil and dried before it was 
condition; and as the only available used for the chains, to protect against 
means of crossing so formidable a spot oxydation. In erecting tbe chains a 
he proposed a suspension bridge. The platform was laid between each tower« 
work was commenced by the erection top and the chain tunnels in the rocky 
of two towers of a pyramidal form, one shores, and on it was placed a proper 
on the Moch rock, and the other also series of links, of €ive bars each, to form 
on a rock forming the Carnarvon shore, a chain, which were thus constructed 
b It to reach which a slight excavation as far as the towers,, but on the Car- 
of soft earth was necessary. The towers narvonshire side sufficient chain was 
were constructed of Anglesea marble, made to reach over the tower and hang 
and carried up partially hollow, as far as down to the water surface, and was 
the intended level of roadway, which is there met by a large float, bearing a 
102 feet above high water : at the base length of chain sufficient to reach across; 
these towers have a width (transverse this being bolted to the hanging end, 
to the roadway) of 70 feet, decreasing was then drawn over to the Anglesea 
to 45 feet at their summit ; in the direc- tower, and the remaining extremity of 
tion of the roadway their thickness at chain gradually lifted up until it reached 
base is 50 feet, at the road level 29 feet, the portion on the Anglesea platform, 
and at the top 11 feet. Between these when, being properly joined, the whole 
pyramids and the Anglesea shore are was drawn with sufficient force to bring 
four arches, each 52^ feet span, resting up the great curve to its proper eleva- 
on very tall piers (65 feet high) ; on the tion. A similarly simple operation was 
Carnarvonshire side there were three adopted for the remaining chains, which, 
similar arches between the pyramid and after passing over the towers and reach- 
elevated shore. If this masonry merits ing the road level, disappear in tunnels 
attention on account of its bulk and cut through the rock; their fastenings 
height, — for the piers are 153 feet high, — can be seen on the Anglesea side by 
it cannot be said to do so on account of walking along a small tunnel also cut 
any tasteful disposition ; as a pjece of through the rock for a considerable dis- 
architecture it contrasts strikingly with tance ; they are very simple, since the 
the simple and elegant stonework of rock a^ords abundant natural masonry 
Freiburg Bridge. to resist the pull of the chains ; the 
While progress was made in this part last link, which is large, carries in its 
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eye a very stoat and long bolt, the ends ^^ixteen main chains = 394*25 tons ; 

d which rest on an iron saddle abutting tnmsyerse ties ^ 3*83 tons ; and sus- 

against the rock; that this it an elective pending-rods, with roadway, &c., s: 

fastening ^ several severe storms have 246*68 tons ; making in all 643*76 tons 

borne witness. The chains do not rest of constant load; tins being multiplied 

immediately on the towers, there being by 1*7, we obtain 1094*4 tons for the 

cast-iion saddles, movable on small actual strains so that tliere is a free 

roUers, for a short distance, to and fro, available power of 2340 — 1094*4 =s 

which rest oo a cast-iron cap or table 1245*6 tons, which being divided by 

fixed to the masonry; thns all expan- the iomer ratio of increased tei»ion, 

sions and saddle movements are trans* through the flatness of the curve (1*7), 

mitted without affecting the towers, showa that 732 tons might be safely 

The suspension chains are sixteen ia placed upon it. 

number, and divide the whole width of This bridge took six years and a half 
the bridge into three Knes ; tlic central, in building, and seven days after it had 
which is for foot passengers, being four been opened a storm broke several of 
feet wide; and the outer, each twelve the suspendJug-rods and iron roadway 
feet wide, for general traffic; thus the hearers; i^in ia January, 1836, just 
whole working width of the bridge is tan years after its completion, a severe 
28 feet. Four chains constitute one row, gale so racked the bridge as to make 
having one Une of suspeiMioii-rods ; the the roadway rise and fall in successive 
latter are bars an inch square; placed 4 undulations to the terrific amount of 
feet 1 1 inches apart, which gives in one sixteen feet: some of the roadway 
row 199, or in the four, 796 suspending planks werejammed against the Anglesea 
rods; their lengths vary firom 5€ to tower, aad sods broken. This was 
about 7 feet, lor the chains do not de« trifling in comparison with the trial it 
scend to the roadway at the middle, underwent in January, 1839. Mr. 
To adjust these sixteen chains four Pro vis thus rriates the circumstance : — 
adjusting links were put in each cliain, *' The storm, according to the account 
two between the towers, and one in of those who observed it at the bridge, 
each backstay or land curve; they were commenoed on the evening of the 6th, 
merely bars with loitg eyes, and having with a strong but unsteady wind veering 
coupling plates a, No. 2 {Jig. 112), with a few points on both sides of 8.w. The 
a similar eye, wedges might be driven gsde increased during the night so much 
to effect any littie ad^ustm^it of length, that between two and four o'clock of 
To prevent undulation and oscillation tlie following morning it became a hurri- 
transverse and diagonal ties were added cane, and all approach to the suspended 
between the chains ; tlie former were part of the bridge was impracticable, 
cast-iron tubes reaching from one row The fury of the storm having abated 
of chain to another, and placed at in- after four o'clock A.M., the bridge keeper 
tervals, while between them wrought- made an attempt to examine the chains 
iron straps tied up the corners. On and roadways; it was with difficulty he 
estimating the chainwoik it appears could make his way to the platform, and 
tiiere are 5 x 16 =s 80 bars m a cross it was only by watcliing the lulls of the 
section, which present a total surface of wind and holding fast by the iron work 
80 X 3| = 260 square inches. From that he was enabled to reach the sus- 
Telford's experiments (see p. 216) we pended part of the bridge. The general 
learn that a square inch of secticm will darkness was too great and the tempest 
bear a strain of 27 tons without breaks too violent to allow him to n^e any 
ing, but only 9 tons without at all close or accurate observation, but he 
injuring the powers of the iron ; taking ascertained, during occasional gleams of 
the latter as a safe working va^iie, the moonlight, that the roadways were 
strength is 9 x 260 =s 2^0 tons : this broken through, and that it was neces- 
Dar exceeds both the censtant load of sary to take immediate measures for 
l^ie cliains and roadway, and any pos- preventing any attempt to cross the 
^bie passing weights. According to bridge."* Daylight revealed tlie da- 
Mr. Rhodes, wlio made some esperi- mage ; one-third of tlie suspending rods 
ments to find the tension' on the chains had heen torn aaundei; the roadway on 



with a deletion equal t» tlhat of the 

bridge, this tension witi be 1*7 times * Transactions of the Institution of Civil 

the k)ad, winch is estimated as follows: AigiBcaiS;. idLUk 
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the south side was torn up in one or in the direction of their length, could 

place^ and on the north side in two thus only tend to break them asunder 

places, so that a piece 175 feet long, at the joints: these were replaced by 

and 12 wide, was hanging towards the opposite joints,, which permit each 

water and swinging about in the. wind ; roadway to move freely of the other. A 

much of the parapet railing liad layer of planking, three inches thicks 

bees blown into the straits; also the was added in the platform, and a longi- 

ties and tubes between the chains had tudinal beam uiKleraeath, to aiford 

been destroyed, for sdthough the main greater stiffness* 

chains had admirably borne this fierce Considering the early date of its 
assault, it appears that they oscillated erection, the Menai Bridge is a remark- 
most violently, since two or three of able object; its great dimensions well 
the powerful screw bdts connecting the accord with the locality, and the curve 
chain links had their heads knocked off of the chains, at all times a beautiful 
by collision, with the neighbouring chain, object to the eye, lends to it a grace 
Only three common bars and one ad* which makes it an ornament to the 
justing link had been injured, by break- noble strait and its charming woody 
ing at the eyes i had these links been so banks ; to this effect, liowever, the side 
large and long as those in the Hunger- arches add nothing, as, like the pyra- 
£ord Mairket Bridge, much more damage mids, they are by no means pleasing or 
might have happened in tlus way. In well formed. As might be supposed, 
restoring the injured parts, care was this bridge is affected by changes of 
taken to modify the arrangements in temperature ; in winter the roadway is 
some places, according to the experience nearly a foot higher than in summer, 
gained through the accident. Previously causing the saddles on each pier-top to 
the suspending rods had hut one joint recede from each other for a distance of 
at the extremity^ ztamely, where it took about an iitch and a half; this must 
hold of the pair of iron bars forming produce some v.ariation in the angle of 
one road-bearer, and this joint was such deflection, which, it appears, is not equal 
that it permitted of motion in a trans- on both sides of the piers at any time, 
verse direction only; this allowed for for Mr. Hodgkinson^ remarks that on 
any horizontal oscillation of the chains, taking the inclination of the first link 
but offered a positive resistance to any each way from the saddle, he found the 
great vertical undulation;, thua many of angle on the water side to be 16^ 10', 
the rods had been brokea at the road- and that on the land side 18^ 3' ; this 
way; to obviate this in future, another difference, lie has estimated, must pro- 
joint, allowing of longitudinal motion, duce an horizontal force of 68 tons 
was made immediately above the road- tending to push the towers inland ; to 
way. Again, the platform bearers were meet this, however, they have their 
constructed most .curiously by Mr. Tel- own enormous bulk, and the help of 
ford ; tliey were made of two lengths in three or four side arches, 
each bar, one of 16 and the other of 12 The following is a summary of the 
feet, and one of 12 was placed opposite principal dimensions of the Menai 
aoother of 1 6 £eet; any motion, transverse Bridge :— 

ft. in. 

Length of suspended roadway .•.•....,... 551 
Deflation of the main chains . ^ 43 

Angles ofdeflection at towers {^fSel^'nr" \. '. ! iS ^3' 

Width of roadway 28 

Height above high water 102 

Chain Uftks— length . 10 

„ section 3^ 

Total suspended weight 643 tons 15^ cwt. 

Another suspension bridge, on a crossing tlie river Conway, which falls 

similar plan, was erected by the same into the sea. a little northward of the 

engineer on the same line of main road 

between Cliester and Holyhead, at * Tanw^tions rf tb* Literary and Philo«o- 

Conway; there was a ferry previously, phicja Society of ffianobeiter, v«L t., 2iid 

beiag » most incoavement mode of sehe«. 
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town. This bridge is 327 feet span, joined them by bolts, they constructed 
22} feet deflection, and supports a a line of single links firom one tower to 
roadway 15 feet above high water; cor- the other, and, when fixed, no longer 
responding to its lesser size, there are required the wire-rope support ; the 
but eight chains. It stands so near the elementary chain thus formed became a 
splendid Conway Castle as to give the support in drawing up and adding other 
impression of being a drawbri(%e on a series of links until a complete chain 
distant view, espedallv as its masonry was made; a similar operation on the 
is architecturally designed to accord other side finished this part of the work, 
with that of the castle; this also proved Suspending rods descend from the 
a great ornament to the delightful spot chains at every twelve feet; at their 
in which it is situated, before the rail- upper extremity they have several 
way obtruded with its gigantic tubular joints, the first being that of the rod 
bridge. with a solid iron triangle; the rod is 
3. Hdnoskpoed MAtKBT SuspxNSioN joiuted to one angle, while firom the 
Bridge. — This is the longest bridge of other angles two pairs of bars reach 
the kind erected in this country, and upwards— one having an eye, throush 
the greatest span : it is confined to foot which the main chain bolt passes, the 
passengers, although with a better dis- other pair join above with the second 
position of the iron at present used, it pair or bars, which are screwed at their 
would have been strong enough for all upper extremity to a flat bar, laying on 
purposes. It is 13524 feet long, and the upper chain; each suspending rod 
the central span 6761 feet, or 106^ feet is therefore hung on both chains : at its 
greater than the Menai Bridge. Its lower end it passes between the trans- 
two suspension towers are built out in verse pathway supports, and through 
the stream, and the backstays or land the mam longitudinal beam, under which 
curves have to support the roadway it is keyed. No transverse play appears 
between the towers and shore ; they to be allowed for in this construction, — 
are 80 feet high, and allow 50 feet de- a circumstance which in the Menai 
flection to the chains, or about 1-1 3 '5th Bridge proved the destruction of many 
of the span. There are four ponderous suspending rods, with part of the road- 
lines of chains, each consisting alter- way. 

nately of ten and eleven links or bars. This bridge is certainly an ornament 
except near the towers, where they to the river, but a closer observation of 
become eleven and twelve in a row; its parts will cause a little surprise 
the links are no less than 24 feet long, either at its curious arrangement or un- 
7 inches broad, and I inch thick, and scientific character ; it appears to be, in 
weigh 5} cwt. each ; about 2600 of several respects, a product of mere em- 
these links are employed in the whole piricism. It is difficult to conceive to 
bridge, weighing 715 tons. The pair of what end is an alternate succession of 
chains on each side of the footway are ten and eleven links in the main chains; 
placed one above another, and rest on thus, while there are eleven links to 
saddles, which move on 50 fi'iction sustain the tension at one point, at the 
rollers, with a play of eighteen inches next above it there are ten links to sus- 
each way. An ingenious and simple tain a greater tension; if the ten be 
contrivance was adopted to throw the sufficient, as undoubtedly they are, the 
chains across from tower to tower : as other is an extra, serving no purpose 
the river at this point is alive with except that of loading the brieve, and 
traffic, any scaffolding would have been assisting every injurious movement. Its 
a great impediment ; the engineer (Mr. superfluity of strength is another striking 
Rennie) therefore laid two pairs of wire feature ; at the piers it is stated to have 
ropes over one side of th*e piers, each a section of 312 square inches, which, 
pair at such a distance apart that the taking 9 tons on the square inch as the 
chain bolts, which connect one row of constant load which can be borne with- 
links to the next, should rest on them by out the least injury to the texture of 
their ends ; two more ropes were then the metal, gives a strength of 2806 
hoisted in a similar way above the tons ; but on a calculated estimate the 
former, to carry a kind of open box whole weight of the span, chains in- 
containing two men and a windlass, by eluded, cannot exceed 530 tons, and, 
which instrument the men drew up allowing this extreme amount, it appears 
links from the boats below, and having that with a deflection of l-13'5th, which 
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is that of this bridge, a strain of 1'83 the undulations may be, as they can be 

time the load must be allowed for, so observed, irregular both as to time and 

that the tension on the upper links is place : this is a consideration, especially 

530 X 1-83 = 966^, or, we may say, with ^uch large bars ; for an awkwardly. 

970 tons ; this leaves a surplus of moving lump of five and a half hundred- 

2808—970 = 1838 tons for the few weight — which each of them weighs 

foot passengers which, at a push, might must be calculated to distress some part 
be crowded on a way only fourteen feet of the work. How much better it 
wide, whereas the Menai Bridge, made would have been to have given a variable 
for all kinds of traffic, and in a far more section according to mechanical princi- 
trying position, has but 1245 tons free pies, to the saving of expense, and 
strength for both foot passengers and lightenment of the structure. The fan- 
heavy merchandise. This bridge sur- ciful style of the towers cannot be 
passes all others in the length of its praised, any more than acanthus leaves 
links : — they are 10 feet in the Menai, or other niceties about the piers of 
15 feet in the Union Bridge, near Ber- solemn arches : the Doric suspension 
wick, and 15 feet 8 inches in the Pont piers of Freiburg must excite more 
des Invalides, at Paris; but the Hun- admiration than the airy Italian brick- 
gerford are above eight feet longer than work of Hungerford Market ; but we 
the latter. It is difficult to conceive are to allow, in this particular case, for 
wherefore they are made so gigantic, the character of the locality, as it must 
but it is certain that their great length be admitted a prominent specimen of 
enables them to strain the bolts and noble architecture would be a singularity 
suspending rods much more than usual, in comparison with the bank scenery, 
while it obstructs them in vibrating, dur- The following table supplies the nu- 
ing heavy gales, in that steady manner merical account of its parts : — 
which prevents many ill effects, although 

Feet 
Middle span 676} 

Deflection of chain 50 

Length between abutments 1352^ 

Height of roadway in the middle 32j 

,, „ at the piers 28J 

Width of platform 14 

Piers in height 80 

Number of links 2600 

Weight of ditto 715 tons. 

Sections of chains at lowest point 296 square inches. 

>» >* piers . . • 312 „ 

Descriptions of many excellent sus- This bridge forms a communication be* 

pension bridges might be added if space tween Canada and the United States; it 

permitted ; they have rapidly increased is of great social interest, and no less 

in numbers within the last thirty years, remarkable as a daring enterprise, 
though little has been generally done to 5. Pesth Bridge. — ^This fine speci- 

improve them on scientific principles, men was begun in 1840, over the Da- 

Below are a few short notices of several nube, and connects Pesth with Buda 

of the common form. (or Ofen). Great difficulty was en- 

4. Niagara Bridge. — In 1847 a spot countered in its erection, on account of 

was selected for this structure two miles the deep water and ponderous icebergs 

below the celebrated Falls, where the which may sometimes be seen of a mile 

rushing stream is 400 feet wide, its banks in length floating down this noble river 

being 230 feet high, and 800 feet apart at after the cold season ; the piers were 

the top. Over this terrific chasm a kite founded in enormous coffer-dams — so 

was flown which carried a small string; large as to accommodate 5000 persons 

by the latter a cord was drawn over, on laying the first stone; they are 

then large ropes, and finally wire cables 200 feet high from their foundations, 

an inch and a half in diameter; these the lower portion being of granite; 

are hung over towers of wood, on each they stand out in the stream, giving 

bank, 57 feet high, and pass thence into the suspended roadway a span of 670 

the solid rock, where they are fixed, feet in the middle, and two shore 
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gpamof 197 feel; Hit ako 43 feet wide "ol Mt TerticaUy apuiuit tlie ehainf- 

lor foot and caniagewmyf, aad hangi Tliit bridge was an early work of Mr. 

50 feet abore low water. The chaiiis Tieroey dark, aad was opened in 1827. 
have a section of 590 eqoare mches, 8. Tib Pont d'Abcolb at Paris and 

wMch nrast rapfly a supeiflnity of a bridge hi the Island of Bourbon are of 

stiength, and wei^ 1300 tons. This a class which possesses considerable 

bridge was <mened with a melancholy scieBtifie advantage. Instead of two 

procession — if such it may be called — snspension piers, as usual, one only is 

the hasty retreat of the unfortunate Hun- erected aaid way between the river baolEB, 

garians from their Austrian pursuers, and from tiiis pier the chain descends 

Afterwards the bridge was well nigh each way to a level, or nearly so, with 

being destroyed by the contending par- the roadway : not only is there lees 

ties during tne same war, in which the tension, but much osciHation is pre- 

inhuman conduct of the Anstrians has vented ; this, in the Island of Boui&n, 

earned for them an unenviable notoriety is of great consequence, as it is a notable 

in the history of the age. On one ooca- locality for violent hurricanes ; to asast 

sion 60 lbs. of gunpowder was placed the bridge against them, the engineer, 

on it as a destructive cham, and al- Mr. Brunei, attached four inverted 

though the person who officiated was catenaries under the roadway, and when 

blown to pieces, the bridge sustained any upward rash of air occurs they will 

little injury. The engineer was Mr. exercise a salvatory influence over the 

Tiem^ Claric. framework. Each span of the Bourbon 

6. Thi Union Bkidoe over the Bridge is 131} feet, and tl»e central 
Tweed, near Berwick, was an eariy tower 25 feet above tlie roadway ; the 
specimen of Gapt. Brown's patent system Pont d'Arcole has a great deflectioo, 
of suspension-bridge buiUnng. Round with a span of 125 feet. 

rods, 2 inches in diameter, and 15 feet 9. Montrose Baro^, over the South 

long, form the chains, which are twelve Esk, in Forfarshire, is a pretty structure 

in number, and arranged in three rows, of 432 feet in span, 42 feet deflection 

The chord line of suspension is 449 of the chains, and 26 feet wide. There 

feet, and the deflection 30 feet, or nearly are two chains, one above another, on 

1.15th of the chord; but the road way-is each side of the passage-way, each of 

suspended 387 feet, the remaining por- which is four bars wide ; the bars being 
tion resting on a projecting abutment. - 5 inches wide, 1 inch thick, and 10 feet 

The roadway is only 18 feet wide. It long. It was built by Capt. S. Brown 

was opened m 1820. in 1829^ and in October, 1838, during 

7. Hammersmith Bridge is an ele- a heavy storm, it suffered the loss of a 
gant structure, with a middle -span of part of the roadway, at the middle of 
422;J feet, and two side -waterways of the bridge, apparently from the want of 
143 and 145J feet respectively. The joints at the extremity of the suspend- 
chains are of links 8 feet 10 inches ing-rods, in addition to ineflScient stiff- 
long, and in four series — two on each eniog of the roadway. The former 
side of the whole roadway, with three cause is similar to that which broke the 
links in a row ; and two dividing the roadway of the Menai Strait Suspension 
carriage and foot ways, of six links in a Bridge (see p. 222). 

row : suspending rods depend from them A dangerous proposal was made some 

to transverse iron girders, on which a time since for a bridge over the Haslar 

longitudinal flooring is laid. The road- Lake, Portsmouth, to foe susp^ided by 

way is 30 feet wide, of which a carriage- cast-iron chains; they were to have a 

way occupies 20 feet, leaving 5 feet on section of 256 inches, which, with a 

each side for a footpath. The chains span of 300 feet, and a deflection of 

have a deflection of 29| feet, or 1-14*3, slbout 33 feet, it was estimated would 

which brings them in the middle to the have to support, as the greatest possible 

level of the roadway. Admirable stone load, 991*5 tons, and leaving a free 

piers, in the Tuscan style, with entrance power of 800 tons, when the strength 

arches, bear the chains on a carriage, is taken at 7 tons per square inch. To 

with cast-iron friction rollers, from show the utter absence of all science 

which they descend in an abutment of and safety in this or any such structure, 

2160 tons of masonr}% which, however, it is sufficient to menticm that 7 tons is 

cannot be called the resisting power of the ultimate strength, or that at which 

the abutment, since the weight does the material is crushed ; and supposing 
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we might Tentnre to take one-half of the aqueduct, haTing a total section of 53 
this amount as a safe working'^trength, inches : this is small, but affords abun- 
we should find that the strength would dant strength, as the deflection is 14^ 
not be equal to that required for the feet, or 1-1 1th of the span, 
greatest load. Besides, in a locality (104.) Many bridges have been classed 
where the regular tread of soldiery is under the title of suspension bridges, al- 
frequent, the structure must be in immi- though presenting more or less di&renoe 
nent danger were it much stronger than from the simple structure of a roadway 
the proposer imagined : we have now a held up by a swinging chnn. Probably 
sad collection of eTidence to show the the most conspicuous of these modifi- 
peril of that which depends for safety cations is that of Mr. Dredge, who, 
on the tensile strength of cast iron. some years ago, proposed a new ar- 
10. There are several interesting rangement for a bridge at Bath, which 
examples of wire bridges. Toumon was adopted ; and, since the erection of 
Bridge, over the Rhone, is in two spans that specimen, several of small span 
of 27B| feet each ; there are six cables have been thrown across rivers and or- 
of 112 wires each, the wires being l-9th namental waters. The consequential 
ineh diameter; the curves have a de- characteristics claimed by Mr. Dredge, 
flection of 1-1 1th of the span, or about are lightness of chainwork and roadway, 
2SJ feet. As the platform is only 13| to the saving of expense, and the readi*- 
feet wide the cables were proved with a ness with which bridges on his plan can 
weight of 200 tons, but they were be put up in their place. As some 
shown to be capable of bearing 44S| dispute has arisen concerning the me- 
lons before breaking. — The bridge at chanical features of the system, owing, 
Argent&t, over the Dordogne, a river in most instances, to an apparent want 
watering a department of that name in of information on the part of the dis- 
France, is 328 feet in span; the plat- putants, it would be desirable to give Mr. 
form is supported by six cables on each Dredge's own explanation of his ideas; 
side, composed of from 186 to 216 wires but they are unfortunatdy clotlied in 
each ; each cable has a different deflec- mathematical language, which of itself 
tion, the deepest being 26^ feet, and would be unacceptable to the general 
the flattest 22 feet. — At rittsburgh, reader, were it not rendered useless as 
over the All^hany River, U.S., a light it is by its confused statement. The 
aqueduct was lately erected 1140 feet three specific characteristics of this 
long, in seven spans of 160 feet each; bridge are — ^rapidly tapering chains, in- 
it was built to hold a depth of four feet clined suspending rods, and a roadway 
of water, or, altogether, 2100 tons of made stronger than usual ; it presents 
water continually passing over it; to somewhat iS" the following figure, which 
support this there are two cables, 7 shows that it is similar to a bracket; 
inches in diameter, one on each side of for, if we suppose / 5 to be farther in- 




clined, so as to form a prolongation of reduce the amount of thrust in the 

the link e f, X C would become a roadway at the farther end, C, of the 

bracket sustained by three forces, that supposed bracket, although no diminu- 

of gravity in the direction DA, a second tion of pressure is effected at the piers, 

in the direction 5 a, and a third in the But another consequence arises from 

direction of the platform, A 5 ; conse- this oblique disposition of the suspend- 

quently, while the chain D E bears part ing rods, to a far greater extent than 

of the load, a portion is thrown on the with a vertical arrangement : while they 

platform, tending to crush it against the throw a force into the roadway, to be 

towers ; if, however, a number of oh- resisted at the pier, they also take it 

lique rods, as & 1, c 2, <f 3, be attached away from that part of the chain which 

to the platform and chaio, they will lies beyond it ; thus, D a has to sustaio 

Q 2 
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the tension arising from the puU in a e perhaps 250 tons more, which were 

and A 1, but a A is free from the latter necessary to hold the 500 tons in 

force ; similarly, d e has to sustain a strain suspension." 

from e 4 and e/, and were the latter iden- This form of bridge is very simple, al- 

tical with e 4 that would be the whole though not so simple as the proper 

strain, but in practice the angle formed suspension bridge, neither is it to be 

by ef, e 4, is bisected by the direction considered as such, for part of the force 

of d e, so that there is equal strain or load is sustained by compression of 

in both directions. The nearer, then, e 4 the roadway ; it thus presents a feature 

lies in the prolongation of d e, the less totally distinct from the true suspension 

use is there for any sustaining bar, ef; bridge, and comparisons between the 

and, as the tension diminishes so rapidly two can be only partial ; Mr. Dredge, 

through the adoption of oblique rods, however, has abundantly compared his 

the chains, as they are called, diminish structure with the common form, and, 

also very rapidly, there being but a as in the above summary, by a few errors 

single bar, fe, at the middle. The and oversights, discovers the great su- 

opposite bracket, acting similarly to periority of his plan. The only altera- 

A C, prevents the thrust against the tion which is due to Mr. Dredge is the 

towers, which would occur if one stood oblique placing of the suspending-rods ; 

alone ; as it is, this force consists of a the tapering of the chain to suit any 

strain tending to tear the platform variation of tension in its length, had 

asunder at the middle, C. Mr. Dredge been plainly set forth long before. By 

concludes one of the expositions of lus means of these oblique rods, he ap- 

system* as follows :^ proaches so nearly to the bracket bridge 

'* The principal feature of my bridge as to pretend he could cut through the 

consists in the obli<}ue suspending-rods, middle of the span and neither half fall : 

which, by their action, divide the hori- this is not true, since a part of the tension 

zontal force from the tension of the is sustained by the middle link, unless 

cliainf, causing the platform to bear the he brought the last oblique rod, e 5, 

former, whibt the chain has only the into the direction of the link, d e, 

latter to resist. The effect of this is— of chain, which, indeed, he allows may 

•• 1st. To reduce the weight of the be done; but then the bridge is no new 
platform to a very great extent, for the invention, as it would be simply the old- 
bulk of the material in the roadway of fashioned bracket bridge : as it is, the 
the old suspension bridge is placed there bridges hitherto erected after this plan, 
to produce risiditv ; but, on my plan, exhibit a combination of the bracket 
the action of the horizontal force is far and suspension principles, 
more effectual for that purpose than Several bridges on Mr. Dredge's plan 
any system of trussing that can be de- have been erected within the last few 
vised, whilst the weieht of the platform years; most of them are small, the 
to resist horizontal force need not be largest, as far as information has been 
increased above what is absolutely ne- ajbrded, being 250 feet span. The 
cessar}' to resist the transit loads. first of the kind was thrown across the 

••2nd. The tension increases progres- Avon, at Bath; a bracket bridge was 

sively from the centre, where it has at first proposed by Mr. Motley, but 

been shown to be comparatively nothing, was finally relinquished for one then, 

to the base of the chain [at the towers], it appears, just conceived by Mr. Dredge, 

and the material in the chains varies who was an inhabitant of the town, and 

in the same proportion. concerned in the erecting of a bridge at 

••3rd. Not only is the material above this place. The Victoria Bridge, as it 
shownsaved,butalsothatquantity which ig named, is 150 feet in span. Another 
is necessary to support it ; then, if in a bridge at Balloch Ferry, in Dumbarton- 
bridge 500 tons were saved, not only ghire, is 200 feet in span^ having 13 
would this quantity be saved, but also bars in each chain at the towers, and 

* Practical Mechanic and Engineer*, lila- 2°^. ^" f ,*^? ""J^*"^* ' .K.T!f J!f 

garine, vol. iv., p. 179. honzontal stram thrown on the roadway, 

t This is a confusion of terms ; there is no >ron beams of sufficient strength receive 

horizontal force, as such, acting on the chains, ~~ ~~ 

but the more a catenary is lotted the greater t This bridge is reported to have &llen 

is the tension, part of which, according to Mr. during the transit of some sheep, by a frnc- 

Dredge's plan, is transferred to the platform. ture at or near the middle. 
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the oblique rods on each sid e the roadway, gerous stability, which the slightest wave 
One of 150 feet span reaches over the of the chains — a thing quite unavoidable 
ornamental water in the Regent's Park. — would most likely upset ; it is in any 
A bridge built over the Bailee Khal, case a dangerous attempt to associate 
near Calcutta, was of 250 feet span, but, highly mobile and rigid frames together, 
by some means, as soon as finished, it especially when the chance of destruction 
broke in the middle, and, in despite of depends on the rigid frame keeping its 
Mr. Dredge's decision that his bridges form ; this was felt so strongly by Mr. 
could be cut through the middle without Fairbairn, as to lead him constantly to 
injury, it fell into the water: a some- oppose Mr. Stephenson's idea of adding 
what similar accident occurred with an- chains to the tubes for the tubular 
other of his bridges in India, which gave bridges (see p. 184). In small speci- 
way through a sudden rush of a number mens, such as those hitherto executed, 
of people, and fell also into the water ; in the ill effects of the conjoint system are 
this case, the roadway appears to have not so striking, but much apprehension 
given way, an accident which could might justly be entertained if it were ap- 
scarcely nave happened to a proper plied to such a bridge as that over the 
suspension bridge, and certainly would Menai Strait; and when we contemplate 
have been followed by no destructive theeffectsof the storm, in 1839, on that 
consequences. fine suspension. way (see p. 222), when 
A question naturally arises in con- a great portion of the roadway was 
templating this description of iron bridge, broken up, it must create great alarm to 
as to the advisability of allowing any suppose one of Mr. Dredge's bridges in 
pressure to be sustained by the roadway, that situation, and similarly tried : no- 
or whether it is well to venture the fate thing could save it from following the 
of a bridge on a thin straight line, when, example of those over the Bailee Khal 
at the same time, that line is connected and at Junguruchy. 
to a moveable system of jointed rods : For small spans, not in dangerous 
Mr. Dredge evidently considers that situations, this form . of bridge is very 
much stifihess of the platform must arise well calculated, on account of its cheap- 
from the horizontal pressure ; it is not ness, lightness, and readiness of con- 
so, however, since several specimens of struction ; but it appears not to be safe 
his bridges are very moveable, even for those places where the true suspen- 
"when urged by a small force, and were sion bridge is found to be of eminent 
they thus stiffened it would be a dan- value. 
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The following Tamlm exhibits the Measurements, as fiv as authorities supply, of 

the principal Bridges in the Worid. 
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8T0NS B&iDesa 

Aberdeen, over the Denbum 
Alexandria, orer the Ttumn 
Allah-Veirdy-Khan, OTer the Zcd- 

deh Bud, at Ispahan 

Ashiestrel 

^Blackfriare, Thameg, London 

Pont de la Boncherie, Pregniti, 

Nuremberg 

tBrionde, AUier 

Outel Vecchio, Adige^ V 
Ceret, Tech, near Perpignan 
Claiz, Drae, near GrenoUe 

•Chester (new), Dee 

Cestius, Tiber, Borne 

De la Concorde, Seine, Paris 

Donkeld, Tay 

Dean, Water of Leitb, Edinburgh 
BmUius {Ponte MoUe), Tiber, near 

Borne 

Dn St Esi»t, Bh6ne 

Slbe, Dresden 

Fabikius, Tiber, Borne 

§Fo-ken, over the Min, China 

aignac, I'Erault 

♦Gloucester, over the Severn 

Guillotiere, Bh6ne, Lyons 

High Level, Tyne (railway) 

Lavaur, Agout 

•London, Thames 

§Loyang, over an arm of the sea, 

at Fo-kien, China 

Mantes, Seine 

Martorell, Spain 

St. Maxence, Oise 

•Neuilly, Seine, near Paris 

Nogent, Seine 

Neuville, Ain 

•Orleans, Loire 

Pont Neuf, Seine, Paris 

»Pont y Pryd, Taaf, Glamorganshire 

Prague, Moldau 

Buncorn, Mersey ^ 

Bialto, Great Canal, Venice... 

Salara, Arno 

Senatorius {Ponte R0U9), Tiber, 

Borne 

Toumon, Doux 

•Turin, Dora 



>5| 



10 
29 
"9 



5 
7 



ft. 

2878t 

• • • 

980 



... 
••• 



557i 
447 



7 
25 



414 

2680 
16: 1490 

100 26,033 



18 
6 



1870 

• • • 

5 785 



300 
8 

sev* 
3 
5 
2 
2 
9 
12 

• • • 

16 



28,876 
429 



690 



1108 
918 

■ • • 

1705 



i 



ft. in 

130 
95 2 

64 
181 6 
100 



i 

3 



96 

150 
159 

147 

157 

200 

78 

101 

90 

90 



1012 
. 



77 6 
107 

«•• 
82 
127 
159 8 
150 
106 
125 
169 10 
152 6 



ft in. 

29 






26 
43 



53 
73 



10 

7 

6 

0|42 

9 

3 



9 
80 

80 



80 
127 
183 

76 
127 

96 

96 
106 

63 
140 

76 
150 

97 

95 






8 


2 
6 
4 

6 


10 



80 
156 9 
147 8 



6 
31 

28 

34' 



20 
20 






8 

• 

3 
9 



ft in. 

24 

62 6 
16 
42 

89 



53 1 
35 



64 8 
37 10 



37 3 



35 



65 
18 3 



20 
33 
48 
50 
27 
39 



28 9 
14 6 

• • • 

48 7 
52 61 

25 



88 
56 

72 
84 

■ • • 

41 
65 



48 
68 

• • • 

35 6 

• • • 

QQ 



16 
40 






ft. in. 
3 



4 

5 

4 

5 3 

••• 
4 

« • • 

3 9 
3 2 



6 3 
4 6 



9 6 
5 Oil 



6 3 

• • • 

4 9 

5 3 
4 3 



6 
3 

5 






&.< 





I 






4 11 



arc. 

eUipt 

arc. 
ellipt. 
ellipt. 

are. 

• • • 

clbpt 
semic. 

arc 

arc. 

arc. 

arc. 

arc. 

arc. 

semic. 
arc. 

« • • 

arc. 
semic. 

ellipt. 
ellipt. 

arc. 

arc. 
ellipt. 
ellipt. 

flat 
ellipt 
gothic. 

arc. 
ellipt 
ellipt. 
ellipt 
ellipt. 
semic. 

arc. 

arc. 

arc. 

arc. 

arc. 



arc 
arc. 



Q 



B 



804 

487 



848 
771 

599 

• • • 

354 
336 

611 
832 
380 
791 
809 
881 

0.100 
305 

• • • 

680 

• • • 

793 

828 
245 

• • • 

775 
831 



765 

• • • 

785 
774 
769 
776 
760 
607 
766 
638 
881 
678 



1546 



* Those with an asterisk prefixed are more or less described in the preceding chapters. 

+ Chardin gives the length at 2177 feet, but there are various measures extant. 

t Formerly a very lar]ge arch occupied the site of this bridge ; it was 189 feet in span, and 
was built in 1464; it fell a few years since. 

§ These colossal specimens of Chinese perseverance allow of vessels passing under them ; 
that at Fo-ken is 127 feet above the water, with piers almost as thick as the arches are in 
span. Loyang Bridge, nearly 5^ miles long, took eighteen years constructing, and employed 
26,000 men. 
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*Mo8t H0I7 Trinity, Arno, Florence 

TeteS; Durance, near TStes 

Tours, Loire 

ToBgueland, Dee » 

Verona, Adige 

Yicenza, Bacchiglione 

Yizile, Eomanche (road from Qre 

noble to Brianijon) 

* Waterloo, Tliames, London 



o 



BRICK. 

Carbonne, Garonne 

^Maidenhead (Great Western Bail- 
way Bridge), Thames 

Toulouse, Garonne 



WOOD. 

Bamberg, Regnitz 

^Bassano, Cismone 

Bredon„ near (Birmingham and 

Gloucester Bail way) 

Pont de la Cite, Seine, Paris .... 
Elysville, Paitapsco Biver, U.S. 

(Baltimore and Ohio Railroad). 
*Eandel, over the, in Berne .... 
•Ladykiric and Norham, Tweed . 

Mellingen, Beuss 

*Eandy, near Mahavillaguiga, 

Geyloa 

Mulati^re, Sadne, Lyons 

•Philadelphia^ Schuylkill, U.S. . 

Do. do. Market Street 

Portsmouth, near, Piscatagua, U.S. 
* Richmond, James Riyer (railway 

Seharding, Rott 

Susquehannah, over the, U.S 

Toumus, Sa6ne 

^Trenton, Delaware, U.S 

Ulm, Danube *.... 

Vilshofen, Tils 

Wirtemberg, Rhine 

Zurich 



near 



IRON. 
Austerlitz, Seine, Paris .... 

Bonar, Dornoch Firth 

Bristol, Avon 

•Bishopwearmouth, Wear, 

Sunderland 

f Bordeaux, oyer the Garonne 

•Build was, Severn, Shropshire ... 

Boston, Witham 

Carrousel, du, Seine, Paris 

*Oolebrook Dale, Severn, Shropshire 
Craigellachie, Spey, Invemesshire 

Crown Point, Aire, Leeds 

Galton, over Birmingham and 

Gloucester Canal 



3 

• • • 

15 

• • • 

9 



• • • 

1460 



CO 



1240 



11 

« • • 

3 

• • • 

19 



10 
5 
5 



2900 
2260 



17 



1588 



558 



ft. in. fit. in. 

95 9 15 2 

112 6 

80 29 

118 0138 

160 

100 0t29 10 



137 
120 



101 4 

128 
111 9 



208 

108 

117 

101 

150 

166 

190 

157 6 

205 

55 9 

340 

194 

250 

153 

190 

220 

89 6 

200 

181 

177 
64 

127 








4 



106 010 6 



150 

100 

236 

86 

130 

100 

187 

100 6 

160 

120 

180 



38 4 
35 



39 8 

24 8 
42 9 



17 



5 5 



17 



25 

• • a 

20 
12 



18 7 



22 3 
11 



I 



ft. in. 
32 8 
15 
45 



Jo 






42 
25 6 

• • • 

35 
30 



17 6 
29 



18 



20 

12 6 

34 

28 9 

• • • 

4 

16 6 

20 

12 



30 



47 



35 



22 



18 ... 



42 



25 



ft. in. 
3 2 



Z 6 



5 5 
4 6 



4 2 

5 8 
8 



1 6 



26 



20 



1 6 

6 1 



4 10 
3 



5 



3 9 



ellipt 
semic. 
ellipt. 

arc. 
ellipt. 

arc. 

ellipt. 
ellipt. 



ellipt. 

ellipt 
ellipt. 



rib. 
polyg. 

lattice, 
rib. 

tie-bm. 
polyg. 

rib. 

rib. 

rib. 
polyg. 
rib. 
rib. 
rib. 

lattice. 

rib. 
lattice. 

rib. 

rib* 

rib. 

rib. 

rib. 

rib. 



arc. 
arc. 



arc. 
arc. 
arc. 
arc. 
arc. 
semic. 
arc. 
arc. 

arc. 



Q 



1569 
1732 
1762 
180« 



1816 
1770 
1632 
1809 

• • • 

1802 

1838 
1764 
1807 
1794 

188- 

1813 
1805 
1794 

1838 
1809 

• • • 

1801 
1804 
1806 
1809 



• • • 

• • • 



1806 
1812 



1796 
1819 
1777 



1777 



+ This bridge was anciently of wood, afterwards stone piers were supplied, and in 1819 
the wooden were supplanted by iron arches. 
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Honalet, Aire, near Leedi 

Sawlev, near, Trent, Derbyiliire 

(railway) 

*Soathwark, Thames, London 

*Tewketbarj, Serem 

* Britannia, Henai Strait, near 

Bangor 

*Conway, Conway Eirer 



• •• 

8 
8 

• •• 

4 

• V • 


1 


i 


1 


ft. 

• •• 

• •• 

• •• 

1528 

• • • 


ft. in. 
152 

100 
246 
170 

460 
400 


ft. in. 
85 

10 
28 6 
17 

• « • 



^ 






Date. 


ft in. 


ft. in. 






88 


• • • 


arc 


• • • 


27 


• • • 


arc. 


• • • 


• • • 


6 


are. 


1819 


24 


8 8 


arc. 


• • • 


• • • 


••• 


tabular. 


1850 


... ... tubiilar.l 


1848 
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Argentat, oyer the Dordogne 

(cableV 

*Balloch Ferry, Leven, Dninbarton 
■hire 

*Conway, Birer Conway, N.Walei 

Drybnrgb, over Tweed 

* Freiburg, Sarine, Switxerland 

(cable) 

^Hammemnith, Thames, near 1 

London J 

*Hungerford Market, Thames,! 

Londoni* J 

^luTalides, Seine, Paris 

* Jamac, Charente 

•Menai, Henai Straits, N.Wales... 

*Montrose, Sonth Bsk 

Norfolk, New Shoreham 

*Pe8th, Danube, Hungary 

Toumon, Bbdne (cable) . ^ 

Union, Tweed, near Berwick ... 

Vienna, Danube 



uco 



ft. in. 
828 



200 





21 





827 





22 


4 


200 





tJ- 


3 


807 





65 





422 


8 


29 


6 



676 6 

221 
229 6 



579 10| 



482 



284 
670 








278 9 
887 
824 



1^ 

II 

2^ 



ft. in. 
24 8 



50 

26 4 
19 8 



48 



20 2 

• • • 

30 

21 5 



A 

•* 

S 

> 



ft. in. 
18 9 



20 



80 

14 
25 8 



28 



26 

28 6 
42 
18 9 

18 

11 101 



No. of Chains 
or Cables. 



I 



w 



a» 

IS 
Q 



{ 



6+6 
1+1 

1+1 1+n 
1+1 1+1/ 
1+1 1+1 



{ 



2+2 

1+1 1+11 
1+1 1+1/ 

5S } 

4+4 

1+1 1+1 
1+1 1+1 
1+1 1+1 
1+1 1+1 

1+1 

1+1 

8+8 



} 



{ 



6+6 
2+2 
2+2 
2+2 
1+1 



} 



28-5 



1800 



1800 



41-6 
39-5 

260-0 



84-0 
620-0 



37-68 
15-5 



1829 

• • • 

1826 

1818 

1834 
1827 

1845 

1829 
1827 

1826 
1829 

• • • 

1840 
1825 

1820 

1825 



Note,— The figures in the fifth column are placed so as to represent the disposition of the chains 
and cables; the separate figures, when added together, giying the number of chains or 
cables in tiie bridge. 



t This is also called Charing-Cross Bridge. 
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STRENGTH OF MATERIALS. 



Chaptee I. — General Notice, — Cohe^ important power of matter-~cohesion— 

Won. — Elasticity, and its Modulus, the groundwork of such an inquiry— is 

yet somewhat a mystery in physics. 
No subject in practical mechanics can Modified developments of this force pre- 
claim so eminent a position in point of sent the common phenomena of elasti- 
every-day value as the passive ability, city and plasticity, hardness and soft- 
relative and absolute, of materials used ness, brittleness and ductility, all de- 
in constructions to meet those various pendent on the attraction and repulsion 
forces, exerted in many ways, which existing between the atoms of matter or 
they are required to sustain. Its value centres of force : these attractions and 
is fundamental : no working view of any repulsions do not appear to be amenable 
matter connected with machinery or to any ascertained law, though it is 
architecture can have much worth ex- generally considered that the cohesion 
cept a knowledge of the natural quail- is proportional to the straining force; 
fications possessed by the substance but as bodies are imperfectly elastic, and 
concerned be tolerably well compre- very small strains are found to impair 
hended ; and generally in proportion to their elastic power, it is not strictly true 
the time devoted to understanding the in practical cases. To add to the diffi- 
comparative power of materials, is the culty of discovering any general law 
safety of a structure increased, and the whereby the strength of a substance 
cost of labour and materials diminished, may be predicated, we find the force of 
(1.) In the times when experiment cohesion to be affected by heat and 
was rare, and dogmatic hypotheses electricity''^, so that the only certain 
usurped the place of fact, little light mode of learning the effect of forces on 
can be expected to have fallen on a different materials is to experiment upon 
point so obviously experimental as the them, and so deduce data for subse- 
strength of materials ; the mass of facts quent calculation and application, 
now known, although by no means (3.) Eltistidty, — All bodies appear to 
equal to the formation of a system, is possess some amount of elastic force 
principally due to the indefatigable la- while the temporary displacement of 
bours of late years. Years since, Galileo, the particles does not exceed a certain 
Mariotte, Leibnitz, Jas. Bernoulli, and extent f; when that extent is over- 

Euler, gave their theoretical views on 

the strength of beams and columns, « v n j 

under different kinds of strain ; while . ^^^\ ?"?^y mentions a cimous and 

Tii iT u u TQ^ o«.»«»" . ""»*c „gn,ficant instance of electnc disturbance of 

Musschenbroek, Buffon, Emerson, Ro- cohesion in mercury; Exper. Res. in Electr., 

bmson, and many others, presented a vol. ii. pp. 156-7. 

mass of experimental results, marked, f From Mr. Hodgkinson's experiments on 

however, by singular disao'eements. baUs of the following substances, treated in the 

Later experiment and theory have been maimer explained at page 9, text and note, 

pursued with greater consistency by he found the following proportional elasticities : 

Messrs. Rennie, Brunei, Barlow, Hodg- P«rfect elasticity being considered - 1 :— 

kinson, Fairbaim. and others. Their BeU metal . . -67 Glass ... -94 

conclusions, and the application of them S,"":/:,' ' 11 Iron, cast . . -70 

to practical med^anic^f will constitute ^^^^ ^ ; !?? 

the present treatose. ^ ^ . ^ Cork . ... -65 

(2.) Unfortunately the theorist has Bbn .... '60 

little ability in handling the direct ques- —{Brit Ass. for Advancment of Sdenoe^ 

tioD of strength in general cases, as the Beports.) 



Ivory ... 'SI 

Lead .... '20 

Limestone . . •79 

Steel, hardened . '79 
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reached, either ropture takes place, or 
the particles have no longer the abjlitjr 
to return towards their original position. 
The hmit is soon passed, as might be 
supposed, since this property is a direct 
consequence of the particles of matter 
possessing minvte eucles of cobesive 
attraction atid repulsion, the former of 
which may be easily exceeded, and the 
latter, through an alteration in the rela- 
tive position of some of the particles, 
frevents a return to the original shape. 
t is highly pnibable that bo body caa 
be GOflspressed or extended in any de- 
gree without cansing some change in 
the relative places A ks particles, or 
pfoducing the elect called defect of 
elasticity. The cxpemnents made by 
Mr. Hodgkinson on cast-iron beams, 
deflected by small weights, testify ia 
favour of the suf^position : so that the 
common method of estimatmg a limit 
of elasticity for the limit of working 
strength is unnatural. 

(4.) For the purpose of calculation 
it is convenient to have a measure of 
the elastic power of different bodies, 
exj^cessed in terms of its own substance 
or m absolute weight. This measure ia 
called the modulus^ of eUuticity, each 
different kind of substance having its 
modulus. It is estimated by supposing 
the material to present a square unit of 
sur&ce, and by any weight or force to 
be extended to double, or compressed 
iiUo one-half the original length : such 
a weight will, of course, represent the 
modulus. The utility of a modulus is, 
that it serves as a standard, for no com- 
mon substance will permit of so great a 



Fig. 


114. 


A 


1 

i 




1 


. 


s 




1 










■ 






* Modului (Lat.) signifies a measure of a 
small thing. The measure meant in the text 



is latiier a modut. 



change in its length as here supposed. 
When a modulus is thus obtained by 
calculation it can be used for future 
calculations of elastic power, — the ex- 
tension of a body being considered as 
proportional to the tensile force, by the 
fallowing consideration : — 

If the surfece of section presented 
by the body A B C be = 1, or unity, it 
will require a force (which we may call 
r) to extend it to twice its length A B; 
but if it require any weight W to extend 
it to the length of B^this profiortioa 
of the weights and extensions ia at once 
established : — 

r : W :: 2AB : B^, 

wr B b 

Also the extension B^, due to any 
weight W, is 

=:Z^X2AB. 

€ 

The symbol c thus represents the- mo- 
dulus, and may therefore be found from 
any experiment of extension, since 

2AB --- 

' = -ST- ^ ^^ 

(5.) The following table presents the 
late estimates of the modulus of elasti- 
city for various useful substances, ex- 
pressed in pounds we^ht, and also in 
feet, of their own material :— . 

Ite. feet. 

Ash 4,970,000 

Beech 4^600,000 

Brass 10^440^000 2,460,000 

Elm 1,340,000 5^»680,000 

Fir, red and yellow . 2,016,000 8,330,000 

white. . . . 1,880,000 8,970,000 

CHass (window) . . 8,580,000 

Gim metal . . . 9,878,000 2,790,000 

Iron, cast ... . 18,400,000 5,750,000 

wrought . . 24,920,000 7,550,000 

Lazsh 10^740,600 4,415,000 

Iieod<cast> . . . 720,000 746^000 

Hahogaaj . . . 1,596,000 6,570>00O 

Marble, vhite . . 2,520,000 2,150,000 

Oak 1,700^000 4,730,000 

Pine (Amer. yeUow) 1,600,000 8^700,000 

Portland Stone . . 1,588,000 1,672,000 

Sbte (Welsh) . . 15,800,000 8,240,000 
Steel, shear, best, not 

hardened . . . 20,000,000 8,880,000 

Zinc 13,680,000 4,480,000 

Several other moduli, such as those 
of working strength and resilience, have 
also been named, but they more or less 
depend on the supposition of an elastic 
limit in the matenals. 
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(6.) There are four kinds of 'strain to connecting rods in machinery; for it has 

which materials are commonly subjected been calculated by Mr. Tredgold that if 

in mechanical works : tension^ compres^ the line of tension be removed from the 

sion, deinuion, and torsion ; of which axis or centre of the section to one-half 

the two former comprise most cases the radius, only one-quarter of the 

occurring in ordinary practice; under whole strength will be available: this 

them, as consisting of both, may be appears to be incorrect, from direct 

placed the transverse strain, or the case experiments by Mr. Hodgkinson, who 

of a beam supported at one or each end, found that simileir bars of similar iron, 

and pressed by any force between. when stretched along their axis or 

centre, broke with 7*65 tons, but when 
the strain was allowed to act along their 

Chapter II. — Tension; its laws; ex- side, they broke with 2*62 tons; which 

tension of bodies,^ Strongest form of 2*62 1 

Section.— Tensile Strength of Timber: gives for the ratio --_=-_, or a 

Musschenbroeh and Barlow } causes of 7t>d ^'Sa 

different results, — Tensile Strength little above one-third. The conse- 

of Cast Iron : earl^ Estimates ; Mr» quence of inattention in practice to 

Hodgkinson*s Experiments on Hot and tnis fact is, that a framework is Joaded 

Cold Blast, — Mtnard and Desormes* with material which is doing no work. 

Experiments, — Wrought Iron : Tel- The second law appears to be true 

forcPs, Bruners, and G, Rennie's Ex* under all ordinary strains, although the 

periments ; Mr, Fairbaim*s trials of defect becomes practically evident under 

Iron Plate, — Wires and Mixed MetaU, severe tension. Mr. Barlow subjected 

— Practical reference to forming a bar of wrought iron to a strain of 

Joints, nine tons,, and the successive elongations 

with each ton were in miUioaths of the 

(7.)Tension is the simplestform of strain whole length of the bar, — 160, 150,^ 

which can affect materials, being opposed ISO, 120, 110, 120, 120, 120. Again 

by direct cohesion in substances with a he tried another bar of two square 

regular texture ; but in most woods, and inches in section, and adding two tons 

many other kinds of useful material,, at each trial, loaded it with 40 tons; 

where the fibres are undulating, or estimating in millionth parts as before^ 

twisted, the simplicity of this tensile the extenslcm up to 36 tons was — 180, 

strain cannot be true: probably owing 140, 110, 110, 110, 110, 100, 100, 100, 

to this, with many other contingencies, 100, 95, 90, 95, 85, 75. Putting aside 

it happens that experiments on the ten- the two iotmet results in each experi- 

sile strength of bodies have shown so ment, as the elastic power appears not 

much disagreement. to have been fully brought into action, 

(8.) Two facts may be affirmed of there remains a tolerably regular series 

bodies subjected to a tensile strain : — of extensions in all the trials until the 

1. The strength or resistance to tear- strain exceeded ten or twelve tons on 
ing asunder is as the area of section. the square inch, when the measure 

2. The extension of a body under changes. These facts are interesting, 
tension is as the. straining force. for it is commonly acknowledged from 

The first .law is somewhat modified experhnents that a strain of nine or ten 

by practical difficulties. According to tons per square inch is a limit for long- 

the principle of cohesion it is evident continued work, and by these trials 

that a rope two inches in diameter will extension is shown to be very equable 

resist a tensile force with four thnes as as far as, and even beyond, that amount, 

much ability as another of one inch in (9.) From these and several other 

diameter (since the areas are as the experiments Mr. Barlow found that 

squares of the diameters) ; but that this wrought-iron bars suffer an extension of 

whole strength may be shown, every l-10,000th of their length for every ton 

fibre in the rope must be stretched, and strain per square inch. Yicat, from an 

equally stretched ; if the strain be experiment, has given the extension of 

greatest along any side, that side must iron wire for a strain of 1428 lbs. (or 

sustain the whole force or break. This ^th the breaking weight) at 000057, or 

consideration is of great practical mo- iTiygth of its length; this, however, 

ment in estimating the value of all kinds must be regarded as a particular case, 

of ties, as king and queen posts, and since the effect of drawing in wire* 
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making is greatly to increase its tena- wood. 

city. (11.) Musschenforoek, Buffbn, and 

(10.) In circumstances where a body Robison practicallv tried several kinds 
is pendant, and has, therefore, to sup- of wood, but unfortunately with very 
port its own weicht as well as the load, different results, which the loose man- 
it is not economical to give it an equid ner of investigation may probably in 
section from top to bottom ; as the part account for. The first^named philo- 
lowcst part has nothing to sustain ex- sopher took considerable care to obtain 
cept the load, it should nave no greater a mean strength of timber, by cutting 
section than is requisite to meet that rods from four sides of the same tree, 
strain ; and as the successive parts and at several distances from the centre 
above must sustain all below them, the towards the circumference; each of these 
greater section of the lower parts are lengths presented an area of l-25th of 
not only useless, but incumbrances, an inch. Reducing his results to the 
The upper section, according to this section of one square inch, they are as 
methoa, must exhibit a section sufficient follow: — ^Beech and oak bore 17,300 
to meet the strain arising from the lbs.; elm, 13,200; willow, 12,500 ; ash, 
weight + the load. In the note are 12,000 ; fir, 8,330 ; and cedar, 4,880. 
given fbrmulte for estimating the sec- Subsequently lesser numbers were given 
tions*. for the strength of beech, oak, and some 

Numerous experiments have been others. These woods were more satisfac- 
made on woods and metals, to determine torily examined by Mr. Barlow, who 
their tensile strength ; and the facts de- has detailed his experiments in a treatise 
veloped by them are of great interest, on the strength of wood and other ma- 
This chapter will comprehend a sum- terials. He had pieces of the various 
mary of these experiments on I , woods, about a foot long, turned in the 
Wood; 2, Iron, cast and wrought; middle to a cylinder of I -3rd or 1.4th of 
and some practical consequences of the an inch in diameter, using the shoulders 
general facts in the making of joints afforded by the large ends to catch be- 
under tension. tween two beams at the upper end, and 
— support a scale-pan for weights at the 

• When the section X is uniform, the length lower end. This appeared to allow a 

of the rod in inches being - L, eycry cubic fajp exercise of the strength. The great- 

inch of the matenal in weight -tr, its est and least, with the mean values ob- 

Mcertained tenacity per square inch = t, and tained from his exoeriments are as follow 

the weight or load attached « W. Then the «ajneairomnis experiments, are as touow. 

topmost section wiU have to sustain a pressure Kind of Wood. »bjj; Mean m lbs. 

of SLw + W. Supposing then that the Ash )l3 446( '^^,^0Z 

strain altogether is a fraction (as-) of its Beech 1 11,338 > n 46T 

strength, we have the tenacity of the whole m o'rqr ! 

5 < = « (L w X + W), Box.... j 20*3^0 19,89J 

whence the section J , , ' ^^ } 

,._l^. Fir...„ ..jJMOO 12,208 

The wdght Wj of the bar is also X L tp, or Mahogany... j g^gg^ | 8,041 

^^ - rS- Oak j i|g89 j 10 33J, 

Mr. Moseley has given for the improved m^. 514,662) ikaqa 

section ^^^ \ 16,405 j iO,uyu 

«W -y'^ When the variable character of the 

^ *■ "7~ * * materials under experiment is considered, 

where i is the base of the hyperbolic loga- ^^ addition to some possible errors in 

rithms, or 2-7182818 and x is the distance of operating, there can be no difficulty in 

the section under inquiry from the point where understanding why such differences 

the weight W is attached. The weight Wj should appear in the conclusions. Mus^ 

of such a rod is schenbroek, and Robison after him, 

-J- \ agree in considering that tlie wood taken 

f — 1 / from the parts surrounding the pith or 

and the saving of material over the equal sec- centre is the weakest. Gerard and Bar- 

tion is found, since it is equal to W, - Wj. low agree in stating them to be the 
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strongest. Age, the time of the year more tenacious or rough kinds expose 

when cut down, and the soil whence a surface of dark grey, yet lustrous, 

the wood haf been taken, greatly influ- with a texture more resembling the 

ence the strength ; a marshy position for fibrous : it would appear from analyses 

atreeisnotconduciTetothe excellence of of cast iron that this toughness is due 

its timber in respect of strength and so- to the admixture of foreign matter in 

lidity, for Mr. Barlow found the specific the smelting*. 

gravity of wood thus grown to be tp that (13.) The tensile strength of cast iron 

of another specimen from dry ground as was long very much overrated. Mr. 

5 to 7, and their strength as 4 to 5. Tredgold, from experiments on the trans- 

This observation would testify in favour verse fracture of several bars, most 

of the view that the exterior are less erroneously estimated it at 20 tons, 

strong than the interior portions of a Three direct experiments brought the 

tree, since the sap of exogenous vege- estimate more nearly to the probable 

tables (such as oak, fir, &c.), passes up amount : Captain Brown finding it 7.26 

in the outer portions ; while tne inner, tons ; Mr. G. Rennie (Phil. Trans., 

yearly becoming compact and less fluid, 1818), in two trials, obtained 8*52 and 

pcjp^esses greater solidity. The few 8*66 tons; a mean of all giving 8*14 tons, 

facts at present known to us show the Mr. Barlow, nevertheless, conjectured 

necessity of observing all the circum- from theoretical principles, that the 

stances attending any particular specimen strength must be at least 10 tons per 

under experiment before anything like a square inch. 

law of strength can be established. The most recent experiments on cast 

iron are those of Mr. Hodgkinson on the 

^^^» strength of that metal from furnaces 

We are fortunate in possessing much supplied with a blast of air previously 

more precise information concerning this raised to the temperature of 600^ or 

universally useful material, owing to the more, and comparing the specimens witii 

labours of several experimenters. As in those from common cold-blast furnaces, 

the case of woods, there is a different The castings in the middle were of the form 

strength to each owing to the contin- +. This part was of course weaker than 

gencies of manufacture. the ends, which were connected with 

(12.) Cast Iron is a substance of crys- the trying machine : with such a form of 

talline texture, and very variable in its section the strain was more certain of 

qualities; the section of a fracture ge- passing through the centre, and so reliev- 

nerally exhibits a beautiful lustre, ap- ing the results from any uncertainty as to 

parently possessing more or less crystal- their value from unequal strain. The 

line regularity of disposition, when the following table is a summary of Mr. 

specimen is very hard and brittle ,* the Hodgkinson's trials on these castings : — 

HotBUst Cold Blast. 

^^Ihi. Ibfc t. cwtN lb8. lbs. t. cwt. 

Carron Iron, No. 2. . { 12,998 } Mean 18,605 = 6 OA ) :5' tif I Mean 16,683 = 7 9 

( 18,629 1 i ^^'^^* ) 

Carron Iron, No. 8. . \\f^^l\ » 1^55 = 7 184 | ^^'^^7 | " H,200 = 6 7 

Devon (Scot) Iron, No.8. 21,907 ... 9 15J .'.. 

Buffery Iron, No. 1. . 18,434 ... 6 17,466 ... 7 16 

Coed Talon (N. Walei^ U6,279 ) ififi7fl-7 o (19,610) iftorr^o a 

Iron, No. 2.. . . j 17,074 { " 16,676-7 9 j igjlOO J » 18,365 « 8 4 

Mean . 7 ^ Mean , 7 14 

* Dr. Tkomflon undertook, at the request Cold Blast. Hot Blast. 

of the British Association for the Advance- Iron 91*164 96*684 With oceasion- 

ment of Science, to make a few analyses of Manganese... 2*027 0*871 "JlJn^f^yoJJ^" 

cast iron from hot and cold blast furnaces. Carl^n 3*866 2*099 p^^, sulphur^ 

The results are interesting. Three specimens Silica 1*177 1*086 maenesia, or 

of No. 1, Muirkirk, and one each of pyrites, Alummnm...l*661 0*423 »>d««»- 

Oftrron, and Clyde iron, of cold blast, were ' ■ 

taken, and as many specimens from hot-blast 99*874 99*062 

furnaces, affording the following mean per- « 

centage of matters :— The hot-blast iron is evidently purer than 
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The diferenoe obferrable betwwB hoc 
and ookUblait iron ^ipMurs to be eMdl, 
if anything, in fiimar of the oold blast, 
but the general mean may be taken as a 
■afe average tensile strength of cast iron ; 
considerably less than tlie supposed 
Talue of Mr. Barlow, and greatly below 
Mr. Tredgold's estimate from transverse 
rupture *. A oonfiimatoiy view is given 
by Messrs. Minard and Desormes, who 
widertook to find what iaiuenoe Taria- 
tion of temperature might have on the 
cohesion of cast iro|^ ; their final results 
(at the square inch), are as fellow : — 



1. Wslih . . 

2. ft 

8. Sttffndaliire 

4. 

D. ^f din 

tt. Swedish. • 

7. AvRottod . 

8. fitafindAin 
9. 



Weight. 

29-80, 

29*80 

2M5 

27-50 

29-00 

29-00 

29-09 

SIHM) 

81-80 

2900 
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■iftaatiui 


1. BiMUiwWaight 


— 8*F . 


. 6-51 torn. 


+21-2 . 


. . 6-52 


28 


. . 6-50 


28 


. . 5-41 


87-4 . 


. 8-29 


41 


. . 7*89 Meiin=M89 


41 


. . 8*28 


41 


. , 9-08 


41 


. . 6-78 


140 


. . 7-28 



Not only do these results accord with 
those of Mr. Hodgkinson, but we learn, 
that within more than the ordinary na- 
tural range of tempenrtnre no Tariation 
in the cohesion of cast iron is detectable. 
From these experiments, therefore, we 
must conclude that the ultimate tensile 
strength of cast iron may be safely es- 
timated at 7 tons. 

(14.) Wrought /rofi.— Owing to the 
application of this material to cable- 
making, bridge and ship-building, and 
very many other important purposes, it 
has undergone several trials of strength. 
Mr. Telford subjected some iron bars^ 
from 2J feet to 1 foot 7 inches long, to 
breaking strains, by means of an hydro- 
static press, and made the following ob- 
servations, which are reduced to the 
square inch of section : — 



The elongations of 6, 7, 8, were taken 
before the breaking load was attained. 
No. 6 being measured at 27 tons; No. 7 
at 26 tons ; and No. 8 at 30 tons. The 
mean of the eloqgations comprise all hut 
the Swedish specimen, but the quantity 
in each case ia irregular ; not so, how- 
ever, the ultimate strength, the mean 
differing but little from the maximum or 
minimum. 

Mr. Brunei obtained higher averages 
from three sets of experiments on ham- 
mered iron, his numbers being 90'4, 
82*3, and 80*8 tons lor the ultimate 
strength. 

Mr. Gr. Rennie, in a s^es of experi- 
ments on different materials, found 
24*98 to express the tensfle strength of 
English iron ; this accords with Captain 
Brown's trials, which a£Bud a strength 
of 25 tons. 

A mean strength of bar iron in general 
use is 27 tons, one-third of which, or 
9 tons, is considered a safe load-strength. 

(15.) Iron plate has received investi- 
gation at die nands of Mr. Fairbairn, in 
reference to iron ship-building. The 
following varieties of plate were taken, 
all being of uniform thickness, with ex- 
tra plates riveted at each end to lay 
hold of the shackle or tension apparatus ; 
one set being stretched across the fibre, 
and the other parallel with the fibre — 



Kindof IttXD. 



the cold-blast, which aocoimti for its greater 
brittleneflB; this is said to be obviated com- 
pletely by adding a small portion of Welsh 
scrap iron. As might be supposed, the 
density of hot-blast is greater than that of ocM- 
blast iron, several trials with each kind giving, 
fiur the specific gravity of the former, 7-0, and 
for the latter, 6*7. — Eeports, vol. 6, p. 117. 
(1888.) 

* Two other trials were afterwards added 
of Low Moor (Yorkshire) iron. No. 3, which 
gave a stoength of 6^ tons ; and a mixture of 
iron, a mean of four e^eriments on which 
fnrtiiflhfid 7 tons 7| cwt 



Drawn acitMB 
the fibre. 

Yorkshire plates . 27*49 

. 26Q4 . 

. 18-66 

. 20-00 

. 21-01 



» 



f> 



Derbyshire 
Shropshire „ 
Staffordshire 



w 



Drawn parallel 
with the fibre. 

25-77 
22-76 
21-68 
22-88 
19-56 



Mean. 



28-04 



22-52 



No great difference appears to result 
from the direction of the force with 
respect to that of the fibre, but there 
is more regularity in tlie strength of the 
plates drawn in the dh-ection of the fibre 
than in those drawn across it. The mean 



Single riveted. 


Double riveted. 


20,127 Ibfc 


22,699 lbs. 


16,107 


23,871 


18,982 


20,069 


19,147 


22,902 
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efttengdt also is less than that of iron holes) to tension as in the simple plates; 

bars. one set of four, with a single row, and 

(16.) The processes of hammering and the other with a double row of rivets, 

drawing greatly increase the tenacity of He obtained tbe following results* : — 
metals. Robison (Ency. Brit.) remains, 
that the cohesion of lead, gold, silver, 
and brass, is in tliis way nearly tripled, and 
ofcopper and brass doubled. Mr. Telford 
made several experiments on wires of 

four different sizes, ftom "lOO to KWS of 

an inch diameter, and obtained a mean Mean.. ..18,590 22,258 

resuHofSSj tons per square inch as the ' ■ 

ultimate strength (see page 217). Two The manifest superiority of double 
continentals, Col. Dufour and M. Vicat, riveting is very evident, and taking the 
give a much higher estimate, the former mean of all his experiments, Mr. Fair- 
stating 41*7 tons, and the latter 47 tons bairn found the ratio of strength in the 
as the ultimate strength of iron wire. single and double-riveted plates to be as 

(17.) The mixture of metals is said 742 : 1000. Thus, placing the strength 

to increase the tenadty to a considerable of the whole plate and riveted plates 

extent. Musschenbroek states that 6 of in comparison we have — 

«opper and 1 of tin give a tensile power For the etraigtli of the plate . . 100 

of 640, while the two constituents alone por that of the donhte-riveted plates 70 

are respectively 870 and 65 ; 1 of lead, For that of the sii^le-riTeted plates 56 

L° oT* «/"'* * °^ *"' ^^ '• *^P"»'*^y' The weakening of jointed plates made 

^'/lo < A * n M -.• 1 1 • Mr. Fairbaim fearful of the results in 

(18.) A valuable practtcal lesson is constructing the Britannia and Conwav 

derived from the prmciple of tension, j^^es, as so much depended on th'e 

concerning the making of jointe ; it is ^veting in the lower pE^ which are 

plain from the facts expenmenteHyascer- ^^^^ f^^^ ^^^^ ^J^ ^ igg^ ^^ 

tamed, that these estimates of strength g„^„ ^^ed what he calls SiTn-riveting, 

can only be apphed wh«e the strain on 4,,^^ f ,^^.5 ^ ,„^ „f ^j^^j^ „„^ ^1- 

any section is regular and even overthat ^^^ the dthe?, in the tension, instead of 

section ; too commonly jomts are made 3 reading Ihem about after the old fa- 

irrespective of the consequence that so Jf^^ ^^^^ ^^^^ ^^^j, Weakening of 

much of the steength is lost by throwing ^^^ ,^ ^^ ^ hole-punching, stoce 

the strain on one side, or not fairly their strength is llssenedhyjust so much 

bringing the whole material into work. ^ ^^^ sectional area <rf the ^ punched 

In carpentry, the proper method of ar- ^^ ^^j^^ ^^^ w«e with a 

ranging joints IS sufficiently evident, but ^. f^ . ^^^ jj^^j , t„ 3„d bottom 

ttejomine of iron work calls for more ^o^rii^-plate over the joint; and a 

consideration. In forming eyes by weld- ^ublepbte. with a single covering-plate 

ing, at the ends of iron bars, for chain- ■^^^ ^„ ^^e side of the joint (sle % 

Imks and other purposes, the bar is ^ ^gyj ftOf-inch rivets were use* 

found to be weaker than m its plain ^ad the following results obtained t:- 

form. In iron plate work the jomts are j Single.plate.-24-41 tons (on the 

made by nvetmg, on which the whole „^ j^,,^ ^ p,,^ ^;^ t„^ 

efficacy of the built-up plate work de- ;^„„j^ through the rivet holes, 

pends. We are indebted to Mr. Fair- 3. DouMe-^.-ie-73 tons (on the 

bairn for experiments made directiv g,^ -^h) ; the plates broke asunder 

relatmgto this unportant Mibject, with g^l,earii« off the rivets close to the 

a view to gather materials for scientinc „iu*g 

iron ship-building and, more lately, to P ^hese trials showed a great strength 

find the strongest mode ^ nveUng for f^^ ^^e first plate, but in tlTe second a^ 

the plates forming the Britannia and ^ f^^ ^ ^^^ the rivets; when. 

Conway tubular bridge. By trying however, tiiey were made of larger 

rfates as before mentioned (art 15), dj^neter, so i to be equal in area to 

Mr. Fairbaim obtained a mean value of 2 

22-78 tons as their breaking weight per • ^rft Am. f«r the Adv. of Science, B«- 
square inch. , Similar plates were tpen porta, 1840, voL 10. 
riveted, cate being taken to expose as f An Account, &c., of Britannia and Con- 
much surface (independently of the rivet way Tabular Bridges, p. 284. 
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the plates, similar strength was again cemed, tke fact is of less importance* 
realised. Now in the first experiment but it confuses theoretical views, 
the ratio of the areas of the rivets and The following facts appear to be well 
plates was *785 to *750, and in the latter, established of materials under a crush- 
where the rivets were deficient, it was ing force : — 

0765 to 1*500. These two experiments 1. The strength is as the transverse 

seem to point out a most important rule : area or section. 

tliat to obtain the maximum strength 2. The plane of rupture in a crushed 

in chain-rivetinc the area of the rivets body is inclined at a constant angle to 

should be nearfy equal to that of the the base of the body, 
plates. . 3. The measure of compression- 

strength is constant only within certain 

CHAPTEa IIL-Compeession; phytical Proportions of the diameter and height 

lawi of rupture ht, cruthing.-^ Cam^ "" ffS'.^Pf ^"S?"* « , , 

prcmon^er of'^Wood; Iron, cast P^O 1' The first law was not re- 

andwroight: and Sione ^Strength of <^f»^^d .*". t,"^^""^ r"*^ ?^"*^ ^^"^ 

FiUars o/ Iron. Wood, and Stone. "°<^« •, '"^^«^ , ^^^^'^ experiments ap- 

'^ peared to decide on the contrary, but it 

Thb principles governing the disintegra- is uncertain how many of them were 
tion of a body by compression of its conducted ; others were prosecuted with 
parts are more intricate and obscure insufficient accuracy, and as everything 
than those of tension ; the forces ap- depends on the accuracy of an experi- 
plied are so modified and resolved into ment in all its minute features, they 
others, by the peculiar constitution of must carry little weight. Mr. Hodgkin- 
any material or relative position of its son, in his experiments on cast iron, 
particles, as almost to prevent any two discovered that his values pointed out 
experiments exhibiting similar pheno- this equality, though doubtfully; he 
mena of rupture, although the bodies therefore tried twelve cylinders of teak- 
may sustain nearly the same pressure ; wood of different diameters, which fur- 
so far, therefore, as practice is con- nished these results :— 

i in. dUun. 1 in. diam. S in. diam. 

Crushing weight 2439 lbs. 10,171 lbs. 40,304 lbs. 

Proportion of weights ... 1 4*17 16*5 

The areas being as the squares of the sliding off in an angle dependent on the 

diameters, an exact proportion would nature of the material, and in cast iron 

have been I, 4, 16; but the above the height of this wedge is about H 

figures, particularly considered as the the diameter, or thickness of the base 

mean of twelve trials, are amply suffi- of the wedge. If the body to be 

cient to justify the statement of pro- crushed is shorter than would be suffi- 

portionality of the strength and area; cient to admit a wedge of the full 

still there may be a disposition in some length to slide off, then it would require 

substances for the particles of one ver- more than its natural degree of force to 

tical layer to help those of another, and crush it ; because the wedge itself must 

so increase somewhat the apparent either be crushed, or slide off in a 

strength. direction of greater difficulty. If, on 

(20.) 2. It was observed by Rondelet the other hand, the height of the body 

and others, that when a rod submitted to be crushed be much greater than the 

to pressure was but three or four times length of the wedge, then the body will 

its diameter in length, the parts were sustain some degree of flexure, and 

split about without any bending of the fracture will be facilitated in conse- 

wliole rod on one side; but that beyond quence."* 

this proportion — ^if the length be greater The following extract from one of 

— it would fracture by bending at or his tables sufficiently illustrates these 

near the middle. It is now a well- remarks, showing the superior strength 

ascertained circumstance that the crush- exhibited by specimens as there is less 

ing strength of a body varies according room for a fair separation of their 

to its relative height and breadth. Mr. parts : — 

Hodgkinson remarks in the detail of — 

his experiments : — " When bodies are • Philosopliical Transactions, vol. cxzz., 

crushed, they give way by a wedge 1840, p. 419. 
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Height of 


Cylindor } inch 


Right prisms. 


specimeos. 


diameter, area 


bases, squares. 




of base *1963. 


i inch the side. 


^inch. 


30,461 Ibt. 




i ,. 


26,983 „ 




f « 


26,412 „ 




4 « 
1 « 
i „ 
i « 
1 „ 


24,210 „ 


25,721 lbs. 


23,465 „ 


24,191 „ 


22,867 „ 


23,950 „ 


1* ,, 


24,177 „ 




14 .. 


23,453 „ 




2 „ 


21,828 „ 





Fig. 1 16. 




Unless, therefore, the height be more 
than equal to the diameter, the strength 
found will not answer for taller speci- 
mens. With so important an observa- 
tion now plainly before us, it is unfor- 
tunate that we possess no certain in- 
formation on the proportions which 
exist in other materials beside cast iron ; 
a great number of experiments on 
record are, by this discovery, shown to 
be unsafe for application except in cases 
under the same conditions. Calling 
the diameter of a specimen I, we have 
for a fair crushing proportional height — 

In stone (limestone?) from ? to 12 
In cast iron . • . „ 1^ „ 4 
In wrought iron . • „ r „ 4 
In wood . . . . „ i »» ? 

(21.) 3. When rupture occurs in a 
piece of sufficient length to afford a 
regular separation of its parts, there are 
conic portions, having for bases the 
upper and lower faces of the specimen, 
which appear to effect the breaking 
asunder of the other portions. The 
two following figures are instances, from 
the same experimenter, of a cylinder 
and prism crushed by the angular form 
of their parts. The first figure shows 

Fig.US. 



ing the other pieces asunder. From a 
number of experiments Mr. Hodgkinson 
found the form of fracture, in suitable 
specimens, to be of the form in fig, 117» 

Fig.m. 




the angle abc (fig, 117) between the 
wedge-side and its base being tolerably 
constant for the same description of 
material. In cast iron the results were 
as follows : — 



Cylinders. 
Least angle . 49° 0' 

Greatest angle 52 

Mean angle 55 32 



Rectangles. 
51° 0' 

60 

54 41 




a cylinder being crushed, and forming 
two cones or wedges, which are pointed, 
and ready to slide past each other, 
driving the lateral portions outwards. 
This wedge or pyramid is exhibited 
plainly in the second figure, where its 
pointed apex a is remarkable; it has 
evidently been the instrument of push- 



In wood the angle observed was about 

We possess a considerable number 
of experiments on the compression of 
materials, but most of them are unfor- 
tunately without that accompanying 
detail and variation of length in the 
pieces tried, which furnish all that is 
valuable for scientific purposes. 

Wood. 

(22.) But few practical inquiries have 
been made on the crushing of timber, and 
those are not so concordant as to give 
satisfaction. M. Rondelet gives the 
power of oak and fir at the following 
values : — 

Oak 6800 lbs. 

Fir 8000 „ 

Several woods were tried by Mr, 
Rennie, who finds for English oak a 
value of 3860 lbs., and with a piece 
four inches high, 5147 lbs.; for elm, 
1284 lbs.; American pine, 1606 lbs.; 
white deal, 1928 lbs. 

(23.) Mr. Hodgkinson made some 
trials on shbrt cylinders of different 
kinds of wood, when somewhat damp. 
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as 18 commonly tbe case, and also after unless the structure of the piece should 

being kept in a warm place for two be altogether alike,— a chance almost 

months. The pieces were, in the first impossible amongst the varied circum- 

sertes, two incDet Ions by one inch stances of formation in Tegetable bodies, 
diameter; in the second they were fre- 

quently one inch high only. Ikon. 

KindoTWood. Damp. Dry. (24.) Coit Iron. — The most extra va- 

Aider .... 6831 6 960 6®"' opinions were entertained of the 

^gh ..!!!.!*. 8683 9^363 power of cast iron to resist pressure, 

Baywood* . . ! . ! . 7618 T^SIS owing to dependence on a few ill-con- 

Bcecb 7738 9,863 ducted experiments. Even those of 

American Birch 11,663 Mr. Rennie, who exercised some care, 

BoglUh Biich 8297 6,402 and varied the length and breadth of 

Cedar M74 6,868 hjs specimens, present as the lowest 

Crab 6499 7,148 estimate a strength of 90,000 lbs., or 

^.?t , !Jc? t'ooS above 40 tons per square inch. 

l^^"""^: : : : : : 'Z IZ The -bject'was^ taken .up by Mr. 

•o\^ 10 331 Hodgkmson, a few years since, with a 

Fir (Spruce)' . . ! ! ! 6499 6^819 simple apparatus, but far more calcu- 

Hornbeam 4533 7,289 lated to realize accurate results than 

Hahorauiy 8198 8,198 any former method. It consisted of a 

Oak a)antzig, very dry) 7,731 small box of iron, having a liole bored 

„ (Epglish) 6484 10,068 at one end, to admit a small cylinder or 

ft (Quebec) 4231 6,982 pW capable of moving up or down 

PUie(pitcb) ... • . «790 6,790 without any side motion ; the lower end 

„ (yeUow, foU of tozpen- ^^ ^j^j^ pl^^g ^^g j^ade accurately flat, 

*"*J' ,; ggog 7*618 *^ ^ *° press evenly on the surface of 

Foolar . . . ! .' ! 8107 6124 ^^^ ^^itXe piece placed in the box and 

Plum (wet) !!".!!! 8664 '... ""der it for experiment; its upper ex- 

,, (dry) 8241 10,493 tremity was rounded that a lever which 

Sycamore 7082 ... pressed upon it might act along its 

Teak 12,101 centre. When the piece was to be 

I^arcb 8201 6,668 crushed it was placed on a steel plate in 

Walnut 6063 7.227 the iron box, the plug pushed down 

W*""'^ 2®*® ^'^28 upon j't^ ^^j a weight carried along the 

The above table, from the experience lever above the plug ; its varied beha- 

in the fracture of material which the viour until rupture commenced, and the 

experimenter had obtained, must be manner of rupture, could be observed 

considered as the most satisfactory in through the open side of the box. 
our possession, although it is liighly The following table gives the means 

probable that none of his values would of several trials on each kind of iron, 

agree with the most careful trial on any with the relative height and diameter of 

similar woods ; it could not happen the pieces used : — • 

Form of No. of Mean strength per square inch. 

Description of Iron. Specimen. Experiments, lbs. tons. cwt. 

Devon (Scotch) iron. No. 8, hot blast. Cylinder. 4 136,435 =64 18]^ 

Bnfferj (near Birmingbam) iron, No. l, 

hotbUwt „ 4 86,897 = 38 11^ 

Do., cold blast „ 4 98,886 = 41 13J 

Coed-Talon (WeUb) iron. No. 2, hot 

blait „ 4 82,734 = 36 18J 

Do., cold blast . ,, 4 81,770 = 36 10 

Qirron (Scotch) iron, No. 2, hot blast | ^^1 ^^^g^* | 18 114,703 = 61 4 

Do., cold blast „ " 22 111,248 = 49 ISJ 

Carron iron, No. 8, hot blast . . . Prisms. 8 138,440 == 69 11 J 

Do., cold blast „ 4 116,442 » 61 lOf 

Low Moor (Yorkshire) iron. No. 8, ) Cylinder. 8 116,911) iaqqai la oi 

cold blast J Rectangle. 2 103,692 J ^^^»^^^ = 4y U^ 

»^'— ^-» iffiS: I mS?! no,908= 49^ 

Mean ... 48 2 
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The general mean of 48 tons may be kind of iron is veiy much more powerful 

therefore allowed as a common estimate in resisting a superincumbent load than 

of ultimate strength. in sustaining a pendant weight. Taking 

(25.) We learn from a comparison of the least and greatest strength in the 

these experiments with those on the above table, and calling the tensile 

tensile strength of cast iron, that this strength unity, we have this ratio : — 

Least strength (Coed- Talon, No. 2) . 4-337 : 1? vr^ i5 *;q i 
Greatest strength (Carron, No. 3) . . 8473 : 1 J ^®^" ^ i>» : ' • 

The following experiments * will illus- with a certain weight, and the conse- 
trate the behaviour of wrought iron quential alterations measured by a 
under pressure, each piece being tried gauge : — 

Cylinders 2*5 in. long and *62 in. diam. 
Diameter to length as 1 : 4. 

Exp. Weight per sq. inch. Compression. Remai^ks.. . 

lbs. tons. 

1 20,610= 9-2 -0? No remarkable alteration. 

2 24,319 = 10-9 -015- 

3 28,028 = 12-5 -02 Diameter increased. 

4 41,218 = 18*4 -04 Diameter became -63 inch, cylinder bent. 

5 61,830 = 27-6 *16 Bent, diameter became '65 inch. 

(26.) Wrought Iran. — ^All our in- ggO 

formation on the compression strength strength of such a tube — - = 13-6 
of this material is, that M. Rondelet 

found that cubes of an inch bore 70,000 ^^^s per square inch. 

lbs. Mr. Hodgkinson's observations are « 
not far different : 9 or 10 tons per 

square inch were found to flatten slightly (28.) Our knowledge of the strength 

the compressed specimens, and 27 or of stone is very limited, although it is 

30 tons per square inch permanently ^^^ niost generally useful of materials, 

reduced them one-sixteenth of their The quality of the same kind of stone 

length. o£ necessity differs greatly in various 

(27.) Mr. Fairbairn made an experi- localities— even in the same quarry 
ment to learn the ability of iron plates, much difference may be found, from the 
when formed into a tube, to resist com- circumstances attending the formation 
pression. The tube was constructed of of the stratum' or bed ; and this is in- 
plates half an inch thick, with angle creased by the common admixture, in 
iron at the corners ; it was eight feet stratified rocks, of more or less organic 
long and 1 foot 6 inches square, and remains. Unfortunately those experi- 
probably, therefore, was somewhat be- mental results which we possess were 
yond the fair proportion of length to obtained without attention to the fact 
diameter, yet the strength found was t'^at the specimens should be of a cer- 
considerable ; it presented an area of tain height (see art. 20) to show a proper 
50 square inches. When 615 tons compression strength. The bulk of the 
pressure had been applied (by an hydro- examples are with cubes ; a fault ex- 
static press), there was a flexure on two cusable with those experimenters who 

sides the one of '75, or Jths of an made their work public before these 

inch, the other of 1| inch, and a com- peculiarities were well known, but the 
pression of -063 of an inch ; a short same cannot be said of the investiga^ 
time previous to 690 tons being laid on ^Jons conducted on various lime- and 
it was observed to yield,.and three sides sand-stones, by a commission appointed 
bent out; the ultimate strength of the *<> find out the best stone for the new 
tube was now attained, although not Houses of Parliament: these experi- 
that of the material. The experimenter ments, executed with singular minute- 
took 680 tons as the fair breaking ness on some points, would have been 
weight, which gives for the specific most useful, from their variety and spe- 
. cification of the localities, but they were 

* Mr. Hodgkinson on Stnogtli of Pillars, made on cubes, at a period when the 

Phil. Trans., 1840, p. 422. laws of fracture were as public as at 

K 2 
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present, and are therefore of limited the principal facts known on the crush- 
value. The following table comprises ing strength of stone : — 

Sptdfle gnTity. Cneking weight. Cnuhing weight. 

Aberdeen (blue) ... .. 10,863 •B 

2-626 ... 10,914 £ 

Comiih 2-«02 ... 6,053 

Dartmoor •.• — 12,175 B 

Heytor . - ••• — 18,865 B 

Herm ••• — 14,873 B 

Penrhyn ••• ••• *IJ^^ B 

Peterhead (blue) ... ... 10,192 B 

Peterhead (grey) ... ... ^fi^^ J 

Peterhead ... ••. 8,282 B 

Limatone. ^ _ 

(Not •pccified) ... ... 6,003 R 

Marble (white) ... ... M80 

Ancaster . 2182 6,800 9,350 C 

Barnack 2090 4,638 7,083 C 

BolaoTcr 2-316 19,831 30,147 5 

Brod«worth 2093 7,366-6 18,4165 

Cadeby 1-»51 M66-6 6,516-5 

Ohilmark (3 tpecimenfl) .... 2410 10,286 25,500 

Craiglcith 2462 ... 5,480 

HamhUl 2260 6,233 16,149 

Haydor 2040 4,533 7,083 

HUdcnly 2*098 17,565-6 19,266-5 

Huddlestone 2-147 9,633 17,283 

Jackdaw Craitt 2*070 10,666-6 18,903 

Ketton 2-646 6,238 10,285 

KettonKag 2-490 14,166-5 85,983 

Park Nook 2138 7,366-5 17,283 

Portland (Waycroft Qnarry) . . 2145 8,500 15,583 

Portland ... ... 4,570 B 

Purbeck .... v ... . 2*599 ... 9,160 

Boche Abbey 2*134 6,800 15,583 

Tottemhoe 1*891 3,966 7,700 

Sandstone, 

BramlcyFall 2-506 ... 6,053 

Binnie 2-194 10,766-6 20,116*5 

Box 1-839 5,100 5,950 

Bramham Moor 2-008 10,6665 23,649-7 

Ciaigleith 2266 17,000 81,449-5 

Darley Dale, StanclifTe .... 2*628 26,014-5 28,333 

Derby ... ... 3,110 

Dundee >•. ... 6,490 

Qiffneuch 2*230 13,698 19,266*5 

Heddon 2-229 7,366-5 15,866 

Hookstone 2-253 17,566-5 23,233 

Kenton 2-247 13.698 19,831 

Mansfield, or 0. Lindley*8 red . . 2-338 8,038 20,397 

Mansfield, or 0. Lindley's white . 2-277 10,285 20,963*6 

Morley Moor 2053 6,235 19,833 

Park Spring 2-321 15,866 80,316 

Bedgate 2-289 15,883 23,649*7 

Stanley 2-227 10,285 18,888 

Brick, pale red 2*085 ... 562 B 

red 2*168 ... 807 B 

(Stourbridge, fire) ... ... ... 1,717 B 

(29.) The subjoined remarks on the ** With reference to sandstones, such 
specific quality of sand and limestones as are usually employed for building 

are interesting : — purposes, and which are generally com- 

* To indicate the authorities, B stands for Bramah, B for Bennie, and for the Parliament 
Houses Oommission. 
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posed of either quartz or silicious grains strength varied as tlie fourth power of 
cemented by silicious, argillaceous, cal- the diameter, and inversely as the 
careous, or other matter ; their decom* square of the length of a pillar, 
position is effected according to the (31.) Although a few laboured re- 
nature of the cemented substance, the searches had been made on this matter, 
grains being comparatively indestructible, few consistent facts were made known 
With respect to limestones composed of until, by the advice and liberal assistance 
carbonate of lime, or the carbonates of of Mr. Fairbairn, a course of experi- 
lime and magnesia, either nearly pure ments was undertaken by Mr. Hodgkin- 
or mixed with variable proportions of son, who has prosecuted a most useful 
foreign matter, their decomposition de- research on the strength of cast and 
pends, other things being equal, upon wrought iron, steel, and wood pillars, 
the mode in which their component His investigations were extended to 
parts are aggregated, those which are long and short pillars, varying in length 
most crystaUine being found to be the from 2 to 121 times the diameter, and 
most durable, while those which partake of the following forms : — 
least of that character suffer most from Solid cylindrical pillars, 
exposure to atmospheric influences. with rounded ends. 

" The varieties of limestone termed with flat ends, 

oolites, being composed of oviform with rounded and flat ends, 

bodies cemented by calcareous matter with discs at each end. 

of a varied character, will, of necessity, with enlarged middle, 

suffer unequal decomposition, unless Solid square pillars, 

such oviform bodies and the cement be Hollow cvlinders, 

equally coherent. Those limestones with rounded ends, 

which are usually termed * shelly,* from with flat ends, 

being chiefly formed of either broken or The apparatus was analogous in kind 

perfect fossil shells cemented by calca^ to that mentioned in art. 24, for crush- 

reous matter, suffer decomposition in an ing sipall pieces of iron ; but the box 

unequal manner, in consequence of the was, of course, much longer, and greater 

shells, which, for the most part crystal- care was taken to preserve the direction 

line, offer the greatest amount of resist- of the force along the middle. The 

ance to the decomposing effects of the results of his numerous experiments are 

atmosphere. highly satisfactory for their mutual 

'* Sandstones, from the mode of their agreement : the results only can be 

formation, are very frequently laminated, given in ^ these pages, owing to the 

more especially when micaceous, the extent of the original paper ''^. 
plates of mica being deposited in planes Lone Pillart, 

parallel to their beds. Hence if such .f^^^ ^q ^^ jgl times as long as their 
stone be placed m buildmgs at a right diameter.) 

angle to its natural bed, it will decom- (32.) piat ^nd rounded ends.— A 

pose m flakes, accordmg to the thick- comparison of the tabular results of the 

ness of the laminae ; whereas, if it be ^^j^ig ^jjj^ ^yj^g^ ^^^ ^^^^ indicates 

placed upon its natural bed. the amount ^y^^ g^^g^^i ^^^^^ ^^^^ ^f strength of 

of decomposaion will be comparatively ^y^^ two as 3-167 : 1, or long pillars with 

immaterial.*'* flat enjs resist breaJcing by flexure with 

Pillars. above three times the power of pillars* 

^«,vN mi 1 i» Ml u • ^ith rounded ends, other dimensions 

(30.) The strength of pillars, being ^^j^ ^ ^^ ^ -^j^^^^^ .j,^ ^^.^ 

equally an intricate and important m- ^^^^ j^ *^^. constant; and in a pillar 

ouiry, has, at various times, attracted 20 inches long, and 76 inch diameter (or 

tlie attention of scientific men. Euler ^^^^^ 34 times the diameter), the ratio 

published a very well-known paper on ^h^^ged to 236 : 1, and so varied to 

the subject, but treated it purely on g^^ll pillars in length 7i times the dia- 

theoretical grounds; his conclusions, ^^ter, which gave 1-63 ; 1. There is, 

however, are not so widely different therefore, not any great difference be- 

from the truth as might be supposed ^^^^^ ^^^^ ^^^ ^^^^^ ^P ^^^ j„ ^^^^^^ 

from the irregular data with winch he pjij^rg 

calculated. Divesting the formula of *^ a comparison of the tables also indi- 

other quantities, he showed that the ^^^^^ ^y^^^ ^ ^^^^^^^ p.jl^^ ^^^3 ^^3 ^^^y^ 

* Beport of the OommiMionert. * PhiloBophical Transactions, 1840, p. 885. 
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abiUtv to resist flexure as a rounded, whereby to fasten it at each end. the 

end pillar of similar diameter and half difference being some increase of 

the length; and this also holds true if strength. The foUowing examples lUus- 

the flat-end pillar is supplied with discs trate this fact :— 

DI«ii?**'*^Ulktaf weight DI«nat«V^BrJ«UnS wdghL Dtomrter. Bieaking weight. 

•77 in 2,456 lbs, -775 in. 2,719 lbs. -77 in. 2,726 lbs. 

•996,/ 6,238,, I'OO,, 6,830,, -99,. 6.105,. 

1-29 „ 16,064 „ 1-28 „ 16,369 „ 129 „ 17,235 „ 

1-56., 28,962,. 153 „ 30,789,, 152 „ 32,531.. 

(33.) One end rounded and the other by taking the amount in logarithms t. 

flat.— .These were found to take a place and we have the resulting index 3-718 ; 

in point of strength between the alto- by treating the other experiments in a 

gether flat and altogether rounded-end similar manner, a mean of 3 736 was 

pillars : the strength of the latter being obtained. 

1 these gave 2; while the flat ends, as (36.) Strength as dependent on 

w'e have seen, afforded 3; their strength length — By a similar proceeding to that 

is therefore an arithmetical mean between mentioned in the last article, the lengths 

the flat and rounded-end pillars. and breaking weights were compared. 

There are general properties, which and a mean value of 1*7 was found; the 

Mr. Hodgkinson has stated to be com- highest being 1-916 and the lowest 

mon to wrought iron, steel, and wood. 1424. The former approaches very 

r34.) It appeared from the experi- closely to Euler's calculated rule, where 

ments that long pillars break first near the square of the length is given, and, 

to or at the middle ; this occurred in all as Mr. Hodgkinson remarks, would be 

cases, evincing that they were weakest the power to which the experimentally- 

in that part. Pillars were therefore deduced index would approximate if the 

tried, having a middle diameter of body were incompressible. 

from' li to 2 inches, the ends being (37.) Strength of long pillars from 

1 inch; the strength was not in- the preceding results. — The amounts 

creased according to the increase of obtained from the tables No. I. and II. 

middle diameter, but appeared to be furnished all that is requisite to obtain 

I ^ a formula for the strength of cast-iron 

from — - to ^--r^, or from one-seventh pillars ; according to the last article it 

6-62 8-05 appears that the strength was as the 1 -7 

to one-eighth; they did not, however, power of the length, and increased as 

fracture in the middle, as did those of j^e 3-76 power of the diameter, that is, 

uniform diameter. in ^ fraction, the comparative strength 

(35.) Strength as dependent on the ^j.^, 

diameter. — By comparison of the break- of the pillars tried was as -— - , d ex- 

ing weights of pillars 60^ inches long, «^'^ 

and -5 and 1*765 inch in diameter, Mr. pressing the diameter and I the length 

Hodgkinson commenced the calculation ^f ^hg pillar. To obtain from this a 

of the power of the diameter according general rule the experiments were re- 

to which the strength was found to duced to a unit of measure, thus : — A 

increase; Euler had stated it to be as pjHar one foot high and one inch in 

the fourth power. By the table* we diameter will have a breaking weight 



Wi : w. 



portion, then,, furnished the index or l^-f ' V'7 

power required — : 

1' : 3-53'^ :: 143 : 15560, 

, - -g« + And the formala becomes' 

or 3-53° =: ,^^ , which is best resolved 16560 

^Jl ''«• -uT 

• See Appendix. ''"log. 3 -68 -*''^^- 
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or 



w. /*•' - .„ . . , , =44*16 tons for pillars with flat ends: 

"^ = "rfTTT' ^'^^ P'"^« ''^'^ ^<>"°ded an e„o, of no^ „o,e than about 

one-eighth was the greatest which 
ends. This value w, or particular co- appeared when the formula was com- 
efficient, can thus he obtained from each pared with the experiments. Collect- 
experiment, since the other quantities ing these amounts, since the breaking 
are all given in the tables. From such weight expresses aJso the ultimate 
a procedure Mr. Hodgktnson found a strength, we have these formula for 
mean value of «<;== 33,379 lbs. = 14*901 general application, S standing for the 
tons, for rounded pillars, and 98,922 lbs. strength in tons :— 

Pillars with rounded ends • S = 14*9 x • 

/'.7 

Pillars with flat ends . . . S = 44*16 X tt^t. 



(38.) Hollow pillars of cast iron. — A 
number of experiments were made on 
hollow cylindrical pillars, during which 
Mr. Hodgkinson noticed the highly* 
interesting fact that although the pillars 
were generally thicker on one side than 
the other, yet in bending the compressed 



was always the thinner side, and as cast 
iron resists compression with above six 
times the force with which it sustains 
tension, no danger resulted from this 
almost unavoidable difference of thick- 
ness. He obtained for hollow cylinders 
the following formula : — 



Hollow pillars with rounded ends S=sl3*0x 



rf3.76 _ ^ 8.7« 



Hollow pillars with flat ends and fixed by discs 



d 3*55 // 8*55 



(39.) Strength of pillars are as their as the square. If, therefore, the latter 
area. — The conclusions of Mr. Hodg- be taken, it will not, on the whole, be 
kinson were, that had the material been far away from the truth in either case, 
incompressible the formula of Euler, and shows that the strength of similar 

j4 pillars increases as the square of their 

that pillars vary as — , or as the fourth diameter ; and, as the area is as the 

square of the diameter, we learn that 
power of their diameter, and inversely the strength increases as the area of the 
as the square of their length, would pillar. 

have been attained by the present frac- (40.) Short pillars. — Mr. Hodgkinson 
tional powers; as there is but a small found, as the tables will show, that 
difference between them. For similar when the length was decreased to below 
pillars, where the length is in a constant 30 times the diameter in pillars with 
ratio to the diameter, we may call the flat ends, or 15 times the diameter in 
length n times dt n always representing pillars with rounded ends, the above 
a constant number; then the proportion formulae do not apply: when the length 
of strength according to the results is equal to 20 diameters, the value of w 
obtained for the round and flat-end becomes 77817. Mr. Hodgkinson was 
pillars, and the theoretically-deduced led to the following reasoning in order 

to obtain an approximate rule for the 
strength of these pillars : — 

" Considering the pillar as having 
two functions, one to support and the 
other to resist flexure, it follows that 
when the material is incompressible 
(supposing such to exist), or when the 
pressure necessary to break the pillar is 
very small, on account of the greatness 
of round-end pillars as varying according of its length compared with its lateral 
to a power of their diameter rather dimensions, then the strength of the 
greater than the square; the second whole transverse section of the pillar 
quantitv somewhat less than the square ; will be employed in resisting flexure ; 
while the theoretically-deduced value is when the breaking pressure is one-half 



formula is — 




J 8-76 ^3.65 


d^ 


n''7xd'r «i.7 d 


n^Xd- 


and dividing by <f, we have 




^8.06 rfl.85 


d^ 


nU7' „i.7' 


««• 



The first quantity exhibits the strength 
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of what would be required to crush the (41.) Wroueht iron ptUars.— Gene- 
material, one-half only of the strength rally the results of Mr. Hodgkinson's 
may be considered as available for re- experiments on wrought-iron pillars are 
sistance to flexure, whilst the other half similar to those on the cast iron, the 
is employed to resist crushing: and powers of the length and diameter 
when, through the shortness of the slightly differing; from trials on pillars 
pillar, the breaking pressure is so great from 7 feet 6| inches to 2 feet ^ inches 
as to be nearly equal to the crushing long, the following powers of the length 
force, we may consider that no part of were deduced : — 
the strength of the pillar is applied to 
resist flexure." * 

Thus he assumed that the real break- 
ing weight would be equal to the 
breaking weight as obtained from arts. 

87 and 38, multiplied by the force requi- on. . -.l • .u r • i 

site to crush it without flexure; Ind The strength varies,^therefore, inversely, 

divided by the same two quantities added as the square of the length. For the 

together, minus the prS^sure which it diameter a power of 3-75 was obUiined 

would support as flexible, without being for pillars with rounded ends, which is 

weaken Jby crushingf. By using this « »»">« *«*? than Jhe quantity deduced 

method of Calculation Mr. Hodgkinson ^'^m cast-iron pillars. Moreover, the 

met with differences from the true value of iir (see art. 37) was found to be 

breaking weight (as shown by the expe- ]?^ J?"""*"?"** . P*^**'L2t'?i?u **' JST 

^ o ^ 1 1 fo' flat-end pillars 299,617 lbs. The 

riments^ varying from 



Roundadendf. 


FUtcnda. 


1-954 


2*22 


1-919 





Mean. 
203 



42 



7*3 



strength S of any pillar may therefore 
be thus calculated: — 



Pillars with round ends . . S s= 4400 x 



Pillars with flat ends . . • S a 130'00 X -tt-- 



These formulae give the strength in 
tons, the length being taken in feet, and 
the diameter in inches. 

(42.) Pillars of timber.— These pil- 
lars brought the formula of Euler 
remarkably near to the truth, several 
trials giving for the power of the dia- 
meter according to which the strength 
increases, as 3*9; it may, therefore, be 
safely taken as the fourth power. Mr. 



Dantzig oak 



Hodgkinson did not try for the power 
of the length, but found the square suit 
the experiment better than any other; 
thus the strength of pillars of wood 

varies as -j. For oak and deal the 

same experimenter has given the follow- 
ing formulae to find the breaking weight 
or strength S : — 

. . 8 = 24542 x~. 



Red deal 8=17511x4*. 

(43.) Pillars of stone. — Small columns when the height was greater than 12 
an inch toll inch square, and from 1 times the side of the base, 'i he follow- 
to 40 inches long, gave results in some ing proportion expresses this variation 
respects analogous to the above : a where the length is from 12 times to 
great falling off in strength occurred 40 times the side of the base : — 



* Philosophical Traaiactions, 1840, p. 404. 

t The formula thus found for calculating the strength was , h expressing the 

3c 



*+T 



breaking weight of long pillarfl, and e the crushing force of the iron. 
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L«agth. Strength. bearing weights due to the smallest part 

12 times 138 of their section, though the larger end 

15 „ little less, might serve to prevent lateral thrust. 

24 „ 96 This last remark applies too to the 

30 „ 75 Egyptian columns, the strength of the 

40 „ ^^ . column being only that of the smallest 

Mr. Hodgkinson found that with pillars part of the section.*** 

shorter than 30 times the thickness, (44.) Relative strength of pillars of 

fracture occurred by one of the ends different materials The experiments 

failing, and as the longer columns de- on long pillars furnished the following 

fleeted more than the shorter, they pre- proportional strength of pillars with 

sented less of the base to resist the rounded ends (except those of red 

pressure, and therefore more readily deal): 

gave way; thus the practical view from steel, cast . . . . 2518 

these experiments pomts out an increase j ' . 

of area at the ends as being most eco- * wroucht * 

nomical, and that in proportion to the ^ . nanffi^ 

middle as 13,766 to 9595 nearly. ^^^j ^~f ° * 

** From the experiments it would ' 

appear that the Grecian columns, which (45.) Effect of long-continued pres- 

seldom had their length more than about sure on pillars. — Several pillars of cast 

ten times the diameter, were nearly of iron, 6 feet long and 1 inch in diameter, 

the form capable of bearing the greatest were subjected to a constant weight for 

weight when their shafts were uniform ; a long period, with the following re- 

and that columns, tapering from the suits:— 
bottom to the top, were only capable of 



1000 
1745 
108-8 
78-5 



Exp. 


Weight. - 


Time home. 


Deflezioii. 


1 


4 cwt. 


3 years. 


*01 inch. 


2 


7 ., 


3 „ 


•025 „ 


3 


10 „ 


3 „ 


'409 „ increasing. 


4 


13 „ 


above 5 montlis. 


broke. 



The last experiment was made with In the Appendix are given several 

"^Lu !• .1- 1. 1 . . L. 3 tables of the experiments on long and 

— ths of the breaking weight, and, g^ort pillars. 



with the preceding, show that the time — 

occupied in the experiments did not • Britisli Assoc, for tlie Adyancement of 

affect the truth of the results given in Science^ 15th Beport, 1845, p. 27. 
the preceding pages. 
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indicadog that they suffer compression ; 

CiuPTKA IV. — TaANSYBasB Stkauc. — but since there are two opposite strains 

The Neutral Amu, — LengjUi^ depths in the same beam, it is evident there will 

and hreadih reiaiiom in a beam, — be a some line or point, a, in the depth 

MmieM for calculating the Mtrength of r«* 1 1 o 

beams Equated beams,-— Deflection : ^ tg. 11 8. 

its laws: defective elasticity, — Appli- Wff 

cations of the principle of a neutral a/"^**-^— Y — ""^ — ^B 

ojcis, — Transverse strength of Wood^ f^' ^.^ \ 

Iron, and Stone, ^^V^^""""^ fil! "^^W^ 

The principles which govern a beam which is labouring under neither the 

horizontally laid, supported at each end, one nor the other: the tension, which is 

and pressed down by a superincumbent greatest at the convex edge, will decrease 

weight, are of most extensive application towards that point, and compression 

and value; girders, joists, tie-beams, begin; this the experiment with the stick 

rafters, the main parts or sustaining ele- will, if carefully executed, point out. It 

ments of flat bridges and roofs, with cannot escape notice that the bulging 

many other specific works, are arranged part forms a wedge, or cone in bas-relief 

and regulated by the laws of transverse the point or apex being nearest the 

strain. extended side, while the base or wide 

(46.) Galileo supposed that if abeam and most bulging part is at the concave 
were fixed at one end in a wall, and edge of the fractured stick. A like 
weighted at the other, the mechanical movement was observed by Mr. Hodg- 
action of the fibres was so ordered, that kinson, in breaking cast-iron beams : a 
the lower edge of the beam at any sec- wedge of a peculiar shape, its sides not 
tion is the fulcrum, or point of*^ rest, being two straight lines, but curves, 
while every line of fibres above it to the somewhat of the figure ^ — .^ , broke 
upper side is strained by the force, and out and exposed at the apex the place 
resisted with equal power; thus, a frac- of rest; the wedges were from two to 
ture would commence at the upper side, four times as deep, and proportionally 
and proceed downwards to the lower, longer as the depth of beam increased. 
The simplicity of the theory is pleasing. In such a fracture, the point where the 
but its comparison with nature shows cone begins is the fulcrum, which, if the 
radical defects. He supposed the ma- materialwere incompressible, would have 
terial to be inflexible, inelastic, and in- been the upper or concave edge, as 
compressible, which is incorrect, as a Galileo supposed; and about this line 
simple experiment of fracture proves a or fulcrum the halves of the stick turn; 
beam of any substance to be both elastic it is, therefore, very properly called the 
and compressible. The idea that every neutral axis^ because it does no work, 
fibre exerts a tensile force is equally in- but passively stands between the tear- 
correct. Mariotti experimentally found ing and crushing parts on either side, 
its inaccuracy, and Liebnitz gave a fresh A proposition was made some time 
theory, founded still upon some of the since, to observe the position of the 
old errors; but James Bernouilli after- neutral axis in a beam, by means of 
wards studied this kind of strain, and polarized light*; it would detect it on 
noticed that when a beam broke a part this principle ; — when a ray of light 
of the fibres were stretched and a part which has been polarized by reflection 
compressed. This has been the founda- from a mirror at an angle of 54^, passes 
tion of modern improvement in the cal- through a transparent substance whose 
culation of transverse strength. particles are naturally or artificially in a 

(47.) The NetUral Axis — If we sup- state of irregular tension or compression, 

pose a beam to be supported at each ex- it will, on reflection from another mirror 

tremity, and pressed by the weight W (or analyzing plate), present a variety of 

(fig. 118), it will be deflected, and the colours, lovely as the rainbow; but when 

lower fibres extended, while the upper the internal molecular forces are in equi- 

fibres are pushed together : these effects librium, no such decomposition of the 

are distinctly shown in breaking by the 

hand a small stick of wood, as the fibres 

give way on the convex side, and those * Inst. Civil Eng., Minuted of Proceedings, 

on the inner or concave side bulge out, vol. iii. p. 248. 
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ray is effected. This beautiful prin- Hamel's experiment. Mr. HodgkinsoOt 

ciple is thus applied: — if a bar of glass, in experimenting on cast-iron beams, 

well annealed, be placed in the line of found the neutral line in sudden frac- 

the polarized ray, no colours appear; tures from one-fifth to one-sixth of the 

but if it be pressed by a force, as in the depth; cast-iron, however, might an** 

preceding figure, it will instantly inter- teriorly be supposed to present a high 

fere with the different colours, and so neutral axis, since its compression 

exhibit a succession of prismatic tints strength is so great, 
which vanish at the line where there is Since the position of the neutral line 

no unnatural force on the molecules: is so uncertain, experimental evidence 

this line is of course the neutral axis, must be sought, which may correct 

which, being so discovered, may be mea- theory, and with it establish rules for 

sured as to its distance from the edges, practical utility. From calculation the 

Unfortunately, transparent, and therefore following laws are deduced, which apply 

the least useful materials, are alone treat- to all cases of transverse pressure. The 

able by this method, which is one of strength of beams in general is — 
striking philosophical elegance. Directly as the breadth, 

(48.) The position of this neutral axis Directly as the square of the depth, 

has been the theme of many mathe- inversely as the length ; 

matical discussions, because, it found, i • !i .• r .x. •. • 

it would prove the establishment of oi^ placmg the ratios together, it is as 

theory; but the great difficulty is, our ^°"®^s •— 

want of knowledge of the ratio of com- breadth x depth* 

pressibinty and extensibility in any sub- length 

stance: were the compression equal to 

the extension, the neutral line would be This gives merely a general relation 

in the centre of gravity of the beam, of strength in any beam whatever to its 

but experiments do not allow of such dimensions, but is no direct rule for 

equality ; moreover every substance has application, since equal beams of all 

its peculiar ratio. Du Hamel cut beams materials do not break by the applica- 

one-third, one-half, and two-thirds tion of an equal load : if the ratio of 

through, and found the weights borne compressibility to extensibility were 

to be — by the uncut beam 45 lbs. ; and known for all materials, the element 

by those cut, 51 lbs., 48 lbs., and 42 lbs. required in the above fracture might 

respectively, which would indicate that be supplied; in the absence of this 

less than half the fibres were engaged in knowledge, a certain supposed quantity 

resisting extension, although it does not must be used to express the specific 

prove that two-thirds of the thickness strength . of any material — a quantity 

contributed nothing to the strength, as which can be obtained only by experi- 

Dr. Robison imagines. Barlow found ment on the material; if we name this 

that in a rectangular fir beam the neu- unknown and sought specific strength 

tral axis was about five-eighths of the by S, and multiply it by the above 

depth, as shown by the section of frac- quantities, we shall have the breaking 

ture; this is quite accordant with Du weight of the beam, that is, 

breadth x depth' x S ^ ^^^^^ ^^.^^^ ^2^ 

length 

With such a rule for calculation, all stant, since it comes out equal, or nearly 
experiments can be reduced to give that so, in amount, in every experiment on 
value to S which expresses the dis- the same sort of material. To obtain 
tinctive strength-measure of every ma- such a constant for woods, irons, and 
terial tried; for, as in an experiment stones, have the labours of different 
the breaking weight is found by obser- experimentalists been directed, and their 
vation, and the dimensions of the beam results will be subsequently stated in 
are all known, a simple transposition of this chapter. The above simple view 
the quantities immediately evolves the of the measurement of strength in trans- 
value of S thus : — verse strains, appears to be generally 

length X breaking weight „ „, accordant with experience: the length 

^ ° ^^ = S . . . (3). of a beam appears to have somewhat 

breadth x depth more influence on the strength than 

This S may therefore be called a con- theory allows, as similar beams are 
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rather more than twice as strong when 
of half the length; and the strength 
docs not increase quite so rapidly as the 
square of the depth. To test this de- 
duction, Mr. Hodgkinson took specimens 
of two kinds of iron, the bars being one 



inch broad, 4 feet long between the 
supports, and 1, 3, and 5 inches deep; 
the breaking weights were then divided 
by the squares of the depths, to reduce 
them to the standard of the one-inch 
bar, with the following results* :-^ 



1. With Carron iron, No. 2, hot blast 

2. Ditto, ditto, cold blast 
8. With Devon iron, No. 3, hot blast 
4. Ditto, ditto, cold blast 



Mean 





Breaking weights. 




linch 


SiDchet 


5 inches 


deep. 


4««P» 


deep. 


lb*. 


Ibt. 


ItM. 


452 


427 


402 


453 


417 


414 


537 


576 


617 


448 


377 


405 


472 


449 


459 



It will be observed, that the mean 
gives a greater value to the first, or 
inch-bar, than to the three-inch bar, 
while the five-inch bar, though less 
than the first, has a greater value than 
the second ; this, however, is accounted 
for by the high amount afforded by ex- 
periment 3, on the hot blast Devon 
iron, which altogether is very anomalous 
in respect to the other specimens : 
omitting this, the means are— -451, 407> 
407; and experiments 1 and 2 exhibit 
a regular decrease of value, which ac- 
cords with a later experiment by the 



same experimenter, in which he found 
iron bars, I inch, 2 inches, and 3 inches 
deep respectively, afford values of 447, 
349, and 338t. 

Again, the above general rule is some- 
what affected by the condition of the 
ends of a beam; if it be merely lying 
loosely on its supports, as is now sup- 
posed, its ratio of strength to a similar 
beam fieed at each end will be as 2 
to 3. The following little table, from 
experiments by Lieut. Denison, shows 
the ratio to be nearly if not quite as 1 
to 2: — 



Name of 


Value of 


Value of 


Pro- 


wood. 


ends fixed. 


ends loose. 


portion. 


Black ash 


2176 


861 


2-6 :1 


Birch 


2652 


1387 


1-9 :1 


Beech 


2684 


1380 


20 :1 


Bock elm 


8885 


2311 


1-66 : 1 


White oak 


8652 


1809 


2-0 ;1 


Iron wood 


8172 


1800 


1-76 : 1 


Bitter nut ) 
Hiccory 


2478 


1465 


1-7 :1 



The weight or load in the last figure demonstrated by Mr. Hodgkinson, in his 
is supposed to be collected at the mid- researches on the strongest form of cast- 
die of the length, but where the same iron girder : one of them is, that the 
load is distributed over the length of strength is as the area of the bottom 
the beam, it tends to break it with flange of a girder, or the extended part ; 
half the force of the central load; thus, and the other is, that the strength is 
a girder can support twice as much also as the depth of the girder; then, 
evenly spread over its length as when with the addition of a constant, c, hav- 
applied at the middle. ing a signification similar to that of S, 

(49.) Another very useful formula 'is a simple formula for estimating the 

founded on two laws experimentally breaking weight is compiled i 

_» , . . , , area of section x depth x c , .. 

Breaking weight = ie„gth <*>• 

This formula, when a value of c is is only applicable to a beam or girder of 
found by experiment on any material, a similar sectional form to that from 

* Brit. Ass., 7th Report, p. 366. 

+ Railway Structures, Commissioners' Report App. A., p. 111. 
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-which the value of c was derived, since fracture by a tensile or crushing force, 

this constant expresses the specific and the depth n of this area in the 

strength of that form of section. beam, or the depth of the neutral axis 

(50.) A third formula for estimating and the power with which fibres re- 

the strength of beams rests on the sist the strain ; the latter of course 

knowledge of the resistance (which we cannot be calculated except from a pre- 

will call K) offered by any material, to vious experiment : the rule is, therefore, 

Breaking weight = R X breadth x depth» ^ ^^^ 

n X length 

Here n can be readily obtained from economy of the material in sustaining 
experiments ; were the extension and loads differently arranged, or their man- 
compression of the material equal by ner of fixture or rest. Calculation 
the action of equal forces, the neutral affords the following forms of beams, as 
line would be in the middle, as already able to do the most work with the least 
stated, and n would be equal to 6. expenditure of substance : — 
According to Galileo's theory, that the t» . j . j 
fibres or particles are incompressible, we ^^^^^ supported at one end. 
have «=3, and if the power of the 1. If the load be terminal and the 
fibres be considered the same for all depth constant, the figure of the beam 
extensions, still allowing incompressi- in breadth should be wedge-form, the 
bility, n would be equal to 2. For cast- breadth increasing as the length of the 
iron, as will be observed further on, the beam (the latter being measured from 
value of n has been found to be between the loaded end), 
the two latter amounts, or 2*63. If the breadth be constant, the square 

(51.) In practice, the whole strength of the depth must vary as the length, or 

of any beam found from formula 2 can the vertical section will be a parabola, 
never be used, since it is the pressure When both breadth and depth vary, 

at which the beam gives way: one-third the section should present a cubical 

of the breaking weight is commonly parabola. 

taken as a safe limit, although this 2. When a beam supports only its 

should not be applied in all cases, for own weight it should be a double para- 

with some materials, such as wrought- bola, that is, the upper as well as the 

iron, more than one-third can be safely lower surface should be of a parabolic 

allowed, as the material does not sud- form, the depth being as the square of 

denly give way in breaking, from its the length. 

extensile capability ; whereas, cast-iron 3. When a beam is loaded evenly 

beams are less able to bear much of along its surface, the upper surface 

their breaking weight, on account of the being horizontal, the lower should be 

dangerous suddenness of fracture, and a straight line meeting the upper surface 

its inability to sustain tensile strain with at the outer end, and forming a triangular 

safety. The work for which a beam is vertical section; the depth at the point 

intended should also guide in this esti- of support being determined by the 

mation ; if the load be a dead weight the length of the beam and the load to be 

girder may be loaded with much more, sustained. 

and that safely, as the article on cast- If an additional terminal load be 

iron beams will show, than if the load added to such a beam, the under surface 

be variable or moveable. It is a prac- should be of an hyperbolic curvature; 

tice to try cast-iron girders by the hydro- and in a flanged beam the lower flange 

static press, or other means, afler their should describe a parabolic curve, as in 

dimensions have been estimated accord- the last figure, 
ing to the rule; this proves them with a 

pressure far greater than they are likely to Beams supported at both ends, 

meet in their permanent beds, and ought 1 . A beam loaded at any point, as A 

never to be omitted in any case with (fig. 119), should have a parabolic verti- 

cast-iron beams, since they are liable cal section a A, Kb, each way from the 

to be less strong than calculated, from loaded point. Such, therefore, should 

irregularity in the casting and cooling. be the form of scale-beams, steam- 

(52.) We have been hitherto speak- engine beams, and all straight levers, 

ing of beams, without reference to the In flanged beams the lines A a, A 6, may 
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F^. 119. 




be nearly straight, and approach the 
straight line more as the flanges are 
thinner. 

2. A beam loaded uniformly along the 
whole of its length, should have an 
elliptic outline for the upper surface 
aAb, the lower being straight; this form 
applies to girders used for bridges and 
other purposes where the load may be 
spread. With thin flanges, a beam so 
circumstanced should be of a parabolic 
figure. 

3. If a flanged beam have its upper 
and lower sides level, and be loaded 
uniformly from end to end, the sides of 
the lower flange should have a parabolic 
curvature. 

Deflection, — The phenomena of de- 
flection are more intricate than those of 
rupture, and there is even more dis- 
agreement amongst theoretical opinions 
and practical results than on fracture. 
A few general laws, which have been 
calculated and are sustained more or 
less by natural evidence, will, however, 
be useful. 

(53.) Within moderate pressures the 
deflection of a beam is as the weight, or 
twice the weight will produce twice as 
much deflection; this, however, is not 
the case when a load is so great as to 
produce much set among the fibres, that 
IS to say, to make them move into another 
relative position, and when the weight 
is removed be unable to recover nearly 
their original order: this set becomes 
evident with the most trifling weights, 
although the ratio of deflection to the 
weight remains the same much longer 
in some materials than others, as the 
sections on cast and wrought iron will 
evidence. The dimensions of the beam 
thus affect its deflection : — It is 

Directly as the cube of the length. 

Inversely as the cube of the depth, 

Inversely as the breadth. 
With the above ratios we learn the de- 
flection of a loaded beam in any case 
will be equal to the 

' load X length' 

breadth x depth'*' 

TRis applies to beams which are simply 
resting on their ends; when these are 



firmly fixed, there will be but one^fifih of 
the deflection arising in the former 
condition. 

(54.) A more general rule has been 
given for the estimation of deflection, 
but not more simple in its terms, 
although it dispenses with knowledge of 
the breadth and depth of a beam ; it is — 

l2?i2iJ?5e!L' = deflection; 
48 X € X I 

ff signifying the modulus of elasticity of 
the substance (see art. 5.), and I the 
moment of inertia of the section .of rup- 
ture, or of the beam, if it be of the same 
proportions throughout : this latter quan- 
tity is not easily obtained for any form 
of body, but as beams and girders are 
generally S3rmmetrical, and the moment 
of inertia of symmetrical bodies is 
known, it is in some cases sufficiently 
practical (see pp. 27 and 42, Dtnamics). 
The following are the moments of in- 
ertia of four forms of section, h standing 
for breadth, d for depth, and r for radius 
or semidiameter : — 

A beam with a rectangular section, 

I = ix6xd'. 

A beam with a triangular section, 

1 = 1 x6xrfx(i^^+iO. 

A beam with a circular section, 

I = ir<x 31416. 

A beam hollow, of a circular section, 

I = JX 3*1416 X (H — r/). 

In the latter case, the radius marked , 
means the inner, or radius of the 
hollow part. 

(55.) It appears on a comparison of 
the formula when applied to similar 
beams, that the deflection is as the 
length *, but a greater deflection should 



* That Ib, if 2 incbes be the deflection of 
beam of I feet long, another similar beam 
2j feet long will be deflected 3} inches, or, 

this latter amount is, therefore. 

This was almost physically demonstrated 
by Hr. Fairbairn, in the comparison of his 
experiment on the model tube with that on 
the permanent Conway tnbe, the former 
being only one-sixth the size of the latter. 
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be allowed for in practice than this strength has been lost, as tne same 
deduction supposes. experimenter found that cast-iron beams 

In cylindrical forms, the breadth bore two-thirds, and even more of their 
being equal to the depth, we may say the breaking weight for long periods, without 
stiffness increases as the fourth power any indication of failing (see subsequent 
of the diameter. This fact points out section on cast-iron). Mr. Hodgkinson 
the advantage of hollow over solid found the set in cast-iron beams to be 
cylindrical beams, the same amount of as the square of the load, 
material being made not only to afford j. . , ■», ^, « 

more final strength, but very much more ^ ^"^P^^ """^ ^^''^» ^» -^^«'»'- 
stiffness, which generally is a more de- These are subjects of especial interest 
sirable feature in girders. in practice, as the estimation of real 

A beam suffers much less deflection working strength and safety in beams, 
through a load spread over its length joists, girders, railway rails, and other 
than from a centrally accumulated pres- parts of structures mechanically similar, 
sure, as is supposed in the above rules, involve the effects of sudden concussions 
the deflection in such a case being caU which are very likely to occur, and of 
culated at five-eighths of the beam rapidly-moving weights which in railway 
loaded at its middle. bridges always occur, and which are so 

(S^.') Beams have been said to bear dififerent from the efifects of statical pres- 
considerable deflection without any in- sure, such as is applied to determine 
jury to the elasticity of the material, the strength of the material. A mass 
and rules have been given founded on of most interesting information on these 
this hypothesis, for the safe permanent inquiries has been collected by a na- 
loading of beams; Buffbn and Tredgold tional commission on railway structures, 
considered the elasticity to remain per- which, though not so conclusive in the 
feet until one-third of the breaking weight establishment of laws as could be de- 
is laid on; but later experiments have sired, owing to the great difficulty of 
proved this idea to be fallacious. Mr. some parts of the inquiry, gives nume- 
Hodgkinson has practically shown that rous valuable facts, 
a very small weight injures the elasticity (57.) Mr. Hodgkinson, from experi- 
of material; he took an iron T shaped ments on iron bars, deduced several 
beam, and obtained the following re- facts of an interesting nature, which are 
suits : — as follow : — 

1 . That cast-iron beams on being 
struck by heavy masses, or balls of 
metal of different kinds, were deflected 
through the same distance, whatever 
metal was used, provided that the 
weights of the masses were equal. 

2. That the impinging masses re- 
bounded after the stroke through the 
same distances, whatever was the kind 
of metal of which they were composed, 
provided the weights were equal. 

While we may here notice, that for a 3. That the effect of the masses of 

considerable amount of pressure the different metals striking an iron beam, 

deflections increased as the- load, the were entirely independent of their elas- 

third column sufficiently shows the early ticities, and were the same as they 

injury of the elastic power of the ma- would give if the impinging masses were 

terial, since 7 lbs., or l-52nd part of the inelastic*. 

breaking weight, caused a visible set in (58.) The same experimenter, in ga- 

the beam. A similar beam placed with thering an Appendix for the Commis- 

the flange downwards thus J., while it sioners' Report on Railway Structures, 

bore much greater weight, took a visible adopted the mode of trial of allowing 

set with l-80th of its breaking weight, cast-iron balls, from 75^ lbs. to 603 lbs. 

The supposed limit of elasticity, there- weight, to fall suddenly from various 

fore, cannot guide us in laying down a heights on the bars to be tried ; or the 

rule for a permanent.load, since there is — 

no such limit; and, moreover, by as- * British Assodation for the Advancement 

suming this as a limit, much available of Science, 5th Beport, 1835, p. 107. 



Weight 
lbs. 

7 


Deflection, 
in. 

•015 


Deflection, 
load removed, 
in. 

visible. 


14 


•032 


•001 


21 


•046 


•002 


28 


•064 


•004 


^ 


•130 


•005 


112 


•273 


•020 


224 


•618 


•058 


336 
364 


1030 •}30 
1*138 broke. 
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balls were suspended like a pendulum, 747- These numbers are certainly va- 

and filling through anj given arc, ac« rious, and show that the greater depth 

cording to the velocity required, gave has somewhat more strength, while other 

the bar an horisontal blow when at the experiments brought the results more 

lowest point in its oscillation. nearly equal; but the deflection arising 

The deflection of bars from impact from equal impacts is greater in the beam 

was not found to be less whether the of lesser depth. From a like principle, a 

greater or less thickness of a bar was cast-iron bar evenly loaded with extra 

placed in the direction of the blow; the weights, which in an ordinary trial would 

mass of the bar onlv, no matter whether have the efiect of reducing its available 

disposed in breadth or depth, affected power, was found capable of more 

the deflection. Thus, a cast-iron bar powerfully resisting impact, even to 

6 inches thick and 1^ inch wide, by twice as much as the simple bar. 
13^ feet long, was placed so that the The manufacture of tne iron by hot 

broader side was parallel with the di- or cold blast, seems to have some, 

rection of impact, and struck by a though an uncertain effect, on its power 

ball 603 lbs. weight ; when the work to resist impact : Mr. Fairbairn gives the 

done by the ball was 766 (that is, the following table* of different irons, in 

weight of the ball multiplied by the which the power of cold blast is taken 

height it fell) it broke. Again, a similar at 1000, and that of hot blast given in 

bar was placed so tliat its narrow side ratio ; while several irons appear to be 

was in the direction of impact, and it less strong when hot blast made, others 

broke when the work done by the ball are stronger, and the Devon iron, hot 

was 728. Similarly, a bar three inches blast, which generally is much improved 

square, which was of course equal to by the hot blast, is above 2} times as 

the other in area, was broken when the strong as the same kind smelted with 

working force of the ball attained to a cold blast* 

Power of Power of 

cold blast. hot blast. 

Carron iron, No. 2 1000 : 1005*1 

Devon iron, No. 3 1000 : 2785-6 

Buttery iron, No. 1 .... 1000 : 962*1 

Coed Talon iron, No. 2 . . . 1000 : 1234 

Coed Talon iron. No. 3 ... 1000 : 925 

Elsicar and Milton iron . . . 1000 : 875 

Carron iron. No. 3 .... 1000 : 1201 

Muirkirk iron. No. 1 ... . 1000 823 

(59.) Beams of wrought-iron are de- been investigated both mathematically 

fleeted nearly in proportion to the velo- and experimentally, though there is 

city of the striking weight, but with great difficulty in treating the subject by 

cast-iron the proportion is greater, the former method, since the curve 

doubtless arising from the inferior elastic given to any beam through the rapid 

resistance of the latter. passage of a four or six- wheeled carriage 

(60.) The results of trial on the effect is different to that arising from the 

of long-continued impacts, or concus- passage of a load touching in one point 

sions, led to the conclusion that in only : the latter is simple, and suited to 

practice it is scarcely safe to load beams mathematical inquiry, but the former is 

constantly to one-third of their ultimate complex, and multiplies variable quan- 

deflection ; and that they ought not to tities in the calculation ; still much that 

be loaded with more than one-sixth of is useful has been disclosed, and im- 

their breaking weight (as laid on rapidly), portant corrections made in opinions 

A wrought-iron tube 45 feet between popularly held by practical men. A 

supports was found greatly injured in great number of experiments were made 

the riveting, after many impacts from by royal commission, at Portsmouth, by 

a mass weighing 2} tons, or nearly one- Lieut. Galton and Capt. James, who 

half the weight of the tube, although arranged a small railway, curving up at 
the deflection produced by the impacts 

was no -more than one-fifth that which "" ~ 

would be required in a trial with dead • Brit. Attoc., 7th Keport, p. 416. 
weights to injure the tube. f Report of Commissioners on Application 

(61.) The effects of running loads has of Iron to Bail way Structures. App. B. 
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each end to a height of nearly 40 feet, carriage weighing in all 1120 lbs., run- 
by which means the carriage intended ning over bars 9 feet long and 4 inches 
to try the bars was impressed with ve- broad, and 1} inch deep, the deflection 
locities up to 43 feet per second, or caused by this carriage at rest was 
about 30 miles per hour. In the hori- six-tenths of an inch; on giving a ye- 
zontal part of this railway were placed locity to the carriage of ten miles per 
two bars of equal size, carrying pencils, hour, the deflection, as it passed, was 
by which to mark on a vertical board eight-tenths of an inch; and a velocity 
covered with paper, the depth of deflec- of 30 miles an hour increased it to one 
tion when the carriage passed over inch and a half, or above double that 
them. Mr. Willis also experimented in arising from the load when quietly placed 
a similar way at Cambridge, but allowed on the bar. Where 4150 lbs. quietly 
the weight of the carriage to press on a laid on broke the bars, 1778 lbs. eflected 
single bar placed in the middle, in one the fracture when passing over them at 
point only : some beautiful operations a rate of 30 miles an hour. Two ex- 
were conducted with these instruments, periments were made on railway girder 
from which it appeared that the effects bridges, to verify these results, so far as 
of a running load was greater than those regards the increase of deflection with 
of the same load when at rest, and on increase of velocity; a pencil was at- 
the middle of the bar; also, that the tached to the flange of a girder, and 
deflection of the bar increased as the marked the depression on a paper fixed 

velocity of motion increased. Thus, in on a scaffold; they were as follows : 

some experiments, with a trial railway 

EwELL Bridge (Epsom and Croydon Railway), 48 feet span. 

Total weight of half the bridge 30 tons. 

Weight of engine (25*2 tons), and tender (13*8 tons) . . 39 tons. 

Velocity in feet 
per second. Deflection. 

-215 

25 -215 

80*9 -230 

82-3 -225 

53*7 -245 

75 -235 

GoDSTONE Bribge (South Eastern Railway), 30 feet span. 

Total weight of half the bridge 25 tons. 

Weight of engine and tender 33 tons. 

Velocity in fleet 
per second. Deflection. 

-19 

22 -23 

40 -22 

73 -25 

These deflections are irregular, but extremity : such a bending must greatly 

show a decided increase of deflection strain a bar. The experiments snowed 

with a greater speed. Ewell Bridge that fracture generally occurred beyond 

bent one-seventh more when the engine the centre, and sometimes in three, four, 

ran over it at 75 feet per second, or or five places. 

about 51 miles an hour, the deflection (62.) The natural principle of the 

being then equal td that produced by neutral axis is full of practical interest 

a quiet pressure of 45 tons. and usefulness : it is the foundation of 

It was found in the experiments, that nearly all the improvements in beams 

the curve assumed by the bar during and girders, and of the most gigantic 

the transit of the carriage, was deepest attempts lately made to apply girder 

near the further end of the bar, showing forms to the support of large bridges, 

that the effects of the running load are As it appears that the upper and lower 

cumulative; but little deflection occurs edges of a beam have to sustain the 

at first, but when three-quarters of the greatest strain, and must break first, the 

length of the bar is travelled over, the whole of the material of the beam would 

wave of force seems to gain its greatest do most work, oi" afford its whole 

power, and rapidly subsides at the other strength, if it could be placed in those 
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parti. And anin« if the &rtlier the 
nbrei are from the neutral line the more 
they resist deflection from the t uper- 
incumbent load^ it must be inferred that 
the material should be placed as fiur 
abore and below the neutral line as 
other circumstances will allow, in order 
that they may be in a position to ex- 
ercise tile createst power. The most 
simple and immediate application of 
these views b shown in Mr. Lava's 
girder, which, while simple, appears to 
be a Teiy effective contrivance. It is 
a beam cut nearly from end to end, and 
bound at each termination of the longi- 
tudinal cut with an iron strap; blocks, 
or little posts, are then driven in the 
cut, separating the severed pieces to 
several mches distance in the middle of 
the len^h, and thereby throwing the 
material farther above and below the 
neutral axis. A trial was made with a 
beam 40 feet long, and about 70 square 
inches in section, which deflected 5^ 
inches with a load of 1700 lbs. ; but 
when the upper and lower parts had 
been separated by the process 9^ inches, 
it suffered a bending less than in the 
former condition by nearly three inches. 
To obtain the greatest sain of strength, 
the cut should be made so as to give 
a section to the upper and lower parts, 
proportional to the power of the ma- 
terial to resist tension and compression. 

Arising from the preceding consider- 
ations, we have flanged, open, trussed, 
and tubular or hollow girders. 

The flange beam is particularly ap- 
plicable to iron, which can he cast or 
built up of rolled plates to any figure. 
It is simply an example of throwing the 
whole, or nearly the whole, of the ma- 
terial into the upper and lower edge, 




leaving but a thin plate or rib between 
to keep them at a proper distance 
asunder; this latter portion has little 



or nothing to do with the pressure 
directlv, its principal function being to 
keep the two working beams or flanges 
in their place; the rib is, therefore, of 
great moment, although it can afford 
comparatively no resistance to either 
tension or compression, for except it 
were between the flanges no trans- 
mission of the forces could take place 
between them, and if it is injureo, the 
beam is in a dangerous condition. A 
bridffe at Chester fell some time since, 
white a train was passing over it, in 
consequence, it is said, of the engine 
running off the rails and breaking the 
thin web of one of the girders (see 
p.lQO, Equilibrium of Structures). Pro- 
ceeding on the same ideas, this rib has 
been replaced by simple upright struts, 
or diagonal braces between the flanges, 
which in cast-iron girders are one cast- 
ing with the flanges, but experience tias 
proved this not altogether politic, par- 
ticularly in cast iron; Mr. Hodgkinson 
remarked, that such beams were weaker 
than those with a solid rib. These 
improved beams not only gain much 
strength for the structure supported by 
them on account of their advantageous 
form, but also a great deal of available 
or free strength which would otherwise 
have been required to sustain the ma- 
terial here dispensed with between the 
flanges : there is somewhat less strength 
in a flanged beam than in one solid of 
equal depth and breadth, but not at all 
proportionate to the weight of material 
avoided. A further improvement is the 
giving of so much material to the upper 
and lower flanges as may be pointed out 
to be a proper proportion by the ratio of 
strength of tension and compression ex- 
hibited by the material. As iron resists 
fracture about six times more powerfully 
under compression than under tension, 
it is useless to give as much area of ma- 
terial in the upper or compressed, as in 
the lower or extended flange of a cast-iron 
beam; attention to this fact has produced 
a cast-iron flanged girder, nearly half as 
strong again as an equal flanged girder, 
with the same amount of substance. 

In generic association with the flanged 
girder, is the trussed girder, the dif- 




ference being, that the rod or band from the body A of the girder, and the 
a be is generally of material different rod has its main attachment at the ends 
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a, c; otherwise, the result sought and canofcru8hingforce,aiidWceTer8&;itis 

gained is the same — ^that of gaining merely adding weight, and consequently 

distance for the working parts from the diminishes the available strength of the 

neutral axis without extra weight of girder. 

material. The rod takes the principal Tubular beams are perfectly ana- 
part, or all of the tensile force, ac- logons to the flanged and trussed beams 
cording as the beam A is left level, or in their mechanic^ principle, but pos- 
by screwing at the end a, c, made to sess much practical superiority, owing 
camber or curve middle upwards, before to the distribution of the material, 
the load is superposed. This tension Mr. Fairbaim's interesting experimental 
rod is useful in proportion to its distance researches on wrought-iron tubes, 
from the beam (evidently within certain wherein he developed the Conway and 
limits); if it be immediately under, or Britannia tubular bridges, well illustrate 
concealed, as in some cases within the the powers of hollow beams. A brief 
under edge, it becomes nearly useless, contemplation of the tables he com- 
especially if, as in a cast-iron beam piled (see pp. 185-7> Equilibrium of 
with a wrought-iron rod, the beam is Structures), although direct numerical 
much less extensible than the rod; in comparison is wanting, will convince the 
such a case, the beam would break and judgment that the breaking weights of 
fall before the rod has been brought the tubes are surprisingly great for such 
into action^. The respective size, or thin plate and the little area presented 
sectional area of the tension rod and by some of the tubes. In the first three 
that of the beam should be regulated, as trials on circular tubes, we find plates 
in the flanged beam, by the respective of l-25th, l-27th, and l-9th of an inch 
strength of the materials; it is useless thick, ofiering to the tensile and com- 
to apply a rod capable of sustaining pressive forces areas of scarcely l^ths, 
double the tensile force that the beam IJths, and 4|ths inches, yet they bore 
weights of 3040 lbs., 2704 lbs., and 

• These remaiks are well verified by an 11,440 lbs. respectively. As affording 
experiment made at the instance of Mr. Oubitt, some comparison with the latter, may 
on an equal-flanged iron girder 27 feet long, be mentioned an experiment on a 
10 inches deep, and 4 inches broad across the double-flanged wrought-iron beam about 
flanges; two fismes were firmly fixed at each two-thirds the length of the tube, and 
end, so that the ends a, c, of the tension-rod nearly &h inches deep, with an area of 
might be elevated at some he^ht aboyethe g^^hs inches, which bore 12,955 lbs. 

call ah; the horizontal portion b of the ten- m«>ng allowance for the extea length 

sion-rod was also kept by struto at different ®* *"® '"he, which was one-third more 

depths (which we may call ad) below the than that of the girder, the ratio of the 

lower flange of the girder. Without any strength of the two is 20 to 17, while 

tnusing the girder d^ected 2^ inches with their areas are as 22 to 31^, so that 

a weight of 4 tons^ and when the rods one though greater in strength, the tube had 

inch in diameter were added, weights were less surrace of material by nearly one- 

plaoed on in each trial until the girder de- third, to resist the breaking weight, 

fleeted the same amount, namely, ^ mches. similarly, the elliptical and rectangular 

Trial. £^ &il ^ISfeSSS:^* tubes a&rd examples of «eat stren^^^^^ 

1 80 18 tons. 19 cwt due to the disposition of the material m 

2 24 1 4 a tubular form. It is calculated that 
8 18 1 4 1 the greatest strength is gained with any 

4 10 1 4 11 given quantity of material when its 

5 24 6i 4 8 thickness is three-twentieths of the dia- 
? ^K «i K 1Q meter of the tube ; the strength is then 

• 6t 12 double that of a solid cylinder having 
This table shows that phicing the ends of ^1,^ g^me quantity of material. 

die rod aboye the beam makes it weaker than ^he phvsical student will be pleased 

^^TVl^eV^L^^^ ^ trac/ii natural structures abundant 

10 inches, or at the upper ed|e of the girder, exemplifications of these great principles, 

we see that giving a^stanw to the rod of !« the animal kingdom the exo-skele- 

6i inches instead of one inch from the bottom tons, or animals with external skeletons, 

flange^ gave an increased stiffiiess of above such as crabs and insects, have fre- 

1 too. quently a small total amount of osseous 

8 2 
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•ubstance, but bgr the disposal of it in a skeleton increase in diameter, to afibrd 

hollow form it obtains the greatest the greater stiffness and strength neces- 

amount of leverage over any contrary sary to sustain the greater strain. The 

force when the animal is in motion, and larger endogens, such as palms and 

supplies a stiffness which is necessary bananas, are not less characterised by 

for the well-being of the creature; were this universal principle; the stem, or 

the flesh-inclosing skeleton of many of trunk, as compared with the exogens, 

these animals, especially of the insects, is thin, and never increases in diameter, 

collected into a solid internal frame, a but owinff to its development from the 

genUe wave of the fluid they inhabit, or centre, the outer parts become com. 

the slightest attempt to move, would in- pacted, and, therefore, the most power- 

evitablyeffectthe dislocation of their sys- ml in resisting transverse pressures ; in 

tem. Internal, or endo-skeletons, also this sense such a stem may be compared 

afford some illustrations of an analogous to exo-skeleton animals. In the banana 

kind; thus, the long bones in the human the stem is quite a thin cylinder, being 

subject are tubular, the compact osseous made up of the sheaths of the leaves 

matter being thicker at the middle of which surround the bases of the former 

the bone than at the ends, which spread flower-stalk. There is no doubt that 

out to form the joints; and it is worthy if naturalists had observed their sub- 

of observation, that as the bone in- jects closely, or with more generalizing 

creases in diameter by the external views, we might in this portion of 

addition of fresh matter, so the tubular science have developed many points of 

or hollow portion increases, preserving connection between these leading prin- 

of course a proportion to the thickness ciples and the order of nature, alike 

of its bony sheath : this beautiful fact interesting to the physico-theologian and 

has been dfemonstrated by Duhamel and the student of general science, 
others, who, by fastening a silver ring 

round a growing bone, found it some Wood. 

time afterwards in the medulla or mar- (63.) From the comparative facility 

row which fills the interior. The thick- of experimenting on this kind of strain in 

ness of the bony cylinder appears to be comparison with tension or compression, 

inconstant, and varies with age. In the weare in possession ofnumerous trials on 

stems - of vegetable existences, similar bars and beams of wood. Buffon made 

laws appear to regulate their arrange- an extensive series of experiments, under 

ment; — the grasses are a large order of the patronage of the French government, 

plants whose flowers are borne in some They were on oak, from 20 to 28 feet 

cases at a great height above the soil long, and from 4 to 8 inches square 

by a simple tubular stem, containing a in section ; the heart- wood, which was 

very small amount of material, yet pos- the densest, proved also the strongest, 

sessing great strength, which it owes and the side on which the beam was 

mainly to an external coating of flint, laid also affected the strength : when the 

carried by the plant through its juicy annual layers were horizontal, and the 

vessels and thrown out over the stem, strength 7f the vertically laid layers 

Mechanically considered, such a stem gave a strength of 8; this probably 

loaded by the flower at its extremity, arises from greater attachment between 

and pressed by the aerial currents from the fibres of a layer or annual ring of 

top to bottom, is as a beam, fixed at the trunk than between the several 

one end in a wall, evenly loaded through- layers, as Mr. Barlow supposes. He 

out, with an additional weight at its found that the longer beams exhibited a 

free end. This construction of the stem falling off of strength, which increased 

is more or less shown throughout the in a ratio somewhat greater than their 

vegetable kingdom ; in the oak and other length. 

exogenous trees, where the sap moves Mr. Barlow experimented on several 

just within the bark, we find the heart- kinds of timber, observing the deflections 

wood or most solid part taking a more and other behaviour of the beams during 

interior space, while the central parts of the trials ; his results, with those of 

the trunk are filled with medulla, or Messrs. Nelson, Moore, Denison^, and 

pith : here the heart- wood is the skele- __^ 

ton, as it forms the support of the whole 

system ; and as the external parts of the • See Papers of the Royal Engineers^ toL 

tree extend, so does this tubular endo- t. 
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some others, are given in the following 
summary, which gives the mean of the 
whole : the numbers given are the 
values of S (see equation 3, art. 50), or 
the specific strength of each wood. 

Specific Value 

Kind of wood. gravity. of S. 

Ash, English . . . *760 506 

„ American . . . '626 450 

Beech, English . . . -696 890 

„ American white *7ll 845 

„ „ red . -775 435 

Birch, common . . • *711 482 

Cedar of LebanoB . . -830 878 

Elm, English . . . *579 200 

Hiccory, American . *831 532 

Oak, English . . . -829 424 

„ African . . . -988 630 

„ American white . -779 483 

f, „ red . '952 422 

„ Dantzig . , . -720 877 

„ Memel . . . *727 416 

Fine, American white. *432 807 

„ „ red . *576 882 

Pine, American yellow -508 800 

„ „ pitch . -740 482 

„ Dantzig . . . *649 356 

„ Hemel . . . *601 834 

„ Kiga .... -654 846 

Fir, Spruce .... '508 836 

„ „ American. -772 260 

„ Mar Forest . . *698 808 

Deal, Christiana . . -689 400 

Larch '505 256 

„ American (Ta- \ .^ 

marak) 

Mahogany, Nassau . ' -668 430 

Teak '729 527 

The ahove table must be considered as 
giving only approximative values of the 
strength of timber ; the great variety of 
circumstances affecting the strength of a 
beam of wood would require the mention 
of every particular, from the state of the 
soil on which it is developed to the 
position in which it is placed on its per- 
manent bed, or the supports on which 
it is broken, in order to arrive at the 
exact values. None seem to have no- 
ticed these things more than M. Buffon, 
whose experiments at once destroy all 
implicit confidence in any trifling experi- 
ment. Speaking of the inferior power 
of a beam when it is laid so that the 
annual layers (of course if it be an 
exogen) are placed horizontally, and its 
superior power when those layers are 
vertical, and the like results when beams 
are cut from branches and trunk, he 
says, " These remarks convince us how 
little we should depend on the calcu- 
lated tables or the formulae different 
authors have given for estimating the 
strength of timber, which they had 
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proved by pieces, of which whe largest 
were one or two inches in thickness, 
and of which they give neither the 
number of woody layers that these bars 
contained, nor their position, nor the 
direction in which they are found when 
the piece broke, — circumstances, never- 
theless, essential, as is shown by my 
experiments, and the care that I have 
taken to discover the effects of all these 
differences. Those who have made 
some experiments on the strength of 
timber, have paid no attention to these 
modifying conditions, but there are 
probably others still greater that they 
nave neglected to foresee or prevent. 
Young wood is weaker than old; a 
piece taken from the foot of a tree 
sustains more than another from the 
summit of the same tree ; a beam cut 
from the outer parts near the sap is less 
strong than an equal beam from the 
central portions : also, the degree of 
dryness adds much to the strength of 
timber ; green wood breaks much more 
difficultly than dry. Lastly, the time 
employed in loading the pieces with 
their breaking weights should also be 
considered; because a rod which will 
sustain a certain weight during several 
minutes, may not support it for an hour, 
and I have found beams which had each 
supported, without breaking, a load of 
9000 during one day, break at the 
end of five or six months with a weight 
of 6000; that is to say, they were 
unable to carry for six months, two- 
thirds of the weight they bore for one 
day. All this proves how imperfect are 
the experiments which have been made 
on this subject, and shows likewise that 
they are not very easily executed." 

I&ON. 

(64.) On Cast Iron there is a vast 
accumulation of experimental facts, and 
the knowledge of transverse strain, in 
a practical respect, is considerable. In 
1803 a few experiments were made by 
Mr. Banks on bars one inch square 
and three feet apart; a mean breaking 
weight in three trials was 97 IJ lbs.; 
these give for the specific strength S 
2914 lbs., which is much higher than 
later observations allow ; it is, however, 
stated to have been very flexible iron, 
which would afford greater strength. 
In 1814 M. Rondelet published several 
experiments on bars nearly 4 feet long* 
and about one inch square: the gray 
irons afforded a value of S «= 1780, 
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and the toft irons 8^2971, the latter fonns of beam or girder; to the sup- 
giving a value not much different from posed limit of elasticity ; and to the 
a similar kind of cast iron used by effects of temperature and long-con- 
Mr. Banks. Bir. Tredgold made a num- tinued pressure on cast-iron beams. 
ber of eiperiments, but some of his Under this daasification we shall notice 
results are inconsistent ; he, moreover, their experiments, 
supposed that a bar 84 inches long be^ 1. Mr. Fairbaim obtained pieces of 
tween its supports, and one inch square, iron from the principal iron works, and 
would sustain 900 lbs. without injury to cast specimens from a model five feet 
the elastic power of its particles, and long and one inch square; others of 
that that part of the bar resisting ten- half the length were also broken, and, 
sion would sustain 15,900 lbs. on the with the larger, fully developed for cast 
square inch, without injury to its elas* iron the elementary laws stated in the 
ticity*, a result wholly unsustained by preceding paragraphs. They proved 
later and more correct experiments. that the longer beams are weaker than 
The most extensive and valuable re- the shorter in a greater proportion than 
searches on the strength of cast-iron their respective length; that the strength 
beams have been made by Messrs. does not increase quite so rapidly as the 
Hodekinson and Fairbaim, who have square of the depth ; that the deflection 
supfuied this branch of mechanical sci- of a beam is proportional to the force 
ence with ample data for practical ap« or load; and that, a set occurs with a 
plication. Their labours have been di- small portion of the breaking weighL 
rected to the general strength of irons Fifty-nine irons, hot and cold \SasU were 
from different foundries, both hot and subject to experiment, with the following 
cold blast ; to the powers of different extreme and mean results :— - 

Bremkfng Ultimate 

•p. gr. weight. deflection. 

Strongest, Ponkey, No. 3, cold blast .... 7*122 578 lbs« 1*74 hard 

Weakest, Ptaskynaston, No. 2, hot blast . . 6*916 357 „ 1*36 sofb 

Mean value 440 „ 

This mean value affords for the specific strength, 

S = 1980 lbs. t, 
or, if the constant c (in tons), art. 49, be used, we have 

c = *884 tons. 
If the rule given in art 50 be used, it is found, from a comparison of ten speci 
mens, that i^ ^ 2*63 * 

we have, therefore, for these different formula the following working values : 

breadth x depth^ x 1980 . , . . , 
^ = breaking weight. 

area of section x depth x '884 . , . . l ,. 
^^^^ = breaking weight (in tons). 

breadth x dept h* x 7 ... . . . /j x 

2*63 X length = ^^^™« ^^*«*^* ^^^'^ 

A table embodying the various results A series of experiments were made to 
of Mr. Fairbaim's experiments, will be test the comparative transverse strength 
found in the Appendix. of iron from furnaces supplied with hot 

* Tredgold, Essay on the Strength of Cas^ No. 8, bars 9 ft. long, 2 in. square . S « 1682 

Iron, 4th edit No. 2, bars 4 ft. 6 m. long, 1 in. sq. S « 2808 

f Mr. Morris Stirling has considerably No. 8, „ ^^ g ^ jg^g 

strengthened cast iron by adding a portion of -ur ox* v i • 

malleable scrap iron, as the following values ^ . ' Stirling s irons are also stronger under 

of S from (out experiments by Hodgkinson ^^^^'^ and compression ; m the Eeports just 

(RaUway Oommiss. Eep., AppI A.. pT 82-3, T"^ ^""r^ u*""' «P«™«»t» •^''^ that the 

90-1) will show; No. 2 qiaUty having 20 peJ *""** ^"^'*'^' ^^ *^«'« ^««*» as foUow :— 
cent., and No. 8 quality 15 per cent, of scran Tensile Compression 

iron* -^ <f e „ ^ power. power. 

„ * ^ , , No. 2 . . 1150 tonst 54-62 tons. 

No.2,l»rs9ft. long, 2m, square . S = 2248 No. 3 . . 1047 „ 64-41 ,, 
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and cold blasts, which, as we have 
noticed in considering tension and com- 
pression, slightly affect some kinds of the 
metal. The subjoined little table affords 
at one view all the results obtained by 
this proceeding. 



Rind of ixon. 


Ratio of strenffth, 
that of the cold 

blast being repre- 
sented by lOOa 


Garron iron. No. 2 . . . 
Deyon do.. No. 8 . . . 
Bnffsrj do.. No. 1 . . • 
Coed Talon do.. No. 2 . 
Goed Talon do.. No. 3 . 
Ekicar and Milton do. 
Garron do.. No. 8 . * • 
Muirkirk do.. No. 1 . . 


1000 : 990*9 
1000 : 1416*9 
1000 : 930*7 
1000 : 1007 
1000 : 927 
1000 : 818 
1000 : 1181 
1000 : 927 


Mean .... 


1000 : 1024-8 



'* This appearance is nearly peculiar 
to the whole of the hot-blast irons." 

2. Early in the use of iron girders* it 
was noticed that a simple rectangular 
form was not the most economic. It 
appears that Boulton and Watt in 1800 
used a kind of girder very similar to 
the JL form, except that the vertical rib 
was broader as it approached the bottom 
horizontal piece, or flange; and for a 
long period the JL beam has been in 
general use. Mr. Tredgold, from his 
experiments on cast iron, or, rather, Iris 
hypothetical views in connection with 




The internal appearance of two irons 
of hot and cold blast smdting, has been 
detailed by Mr. Fairbaim, and is of 
considerable interest*. 

** The Carron, No. 2, cold blast iron, 
when viewed with the microscope, pre- 
sents a dull grey colour, finely granulated, 
with an appearance of greater porosity 
in the centre than round the extreme 
edges of the fracture. It is a free 
working iron, easily cut with the turn- 
ing tool, but indicates stifihess under 
the file. 

" Carron, No. 2, hot blast. This iron 
has nearly the same character in its 
working properties as the above ; it files 
with rather more freedom, and possesses 
an appearance of greater fluidity than 
the cold blast. Colour, a greyish blue, 
accompanied with a greater degree of 
uniformity in its crystalline structure 
than the cold blast 

** Buffery, No. 1, cold blast, is finer 

f rained than either of the Carron irons, 
t is chiefly composed of minute granules 
intermixed with small brown specks: 
it works with less freedom than the hot 
blast, and cuts with difficulty under the 
tool. In this respect it is much akin to 
the Milton iron, described in Mr. Fair- 
bairn's paper. 

** Buffery, No. 1, hot blast, has a 
similar appearance to the Carron, No. 2, 
cold blast; it has more lustre than Buf- 
fery, No. 1, cold blast; the crystals are 
widely separated in the centre, but more 
compact as they approach the outer 
edge of the bar. 

* Brit. Ass. 7t]i fi^rt, p. 415. 



them, proposed the figure in the an- 
nexed sectional view as most calculated 
to yield strength : he judged correctly, 
supposing his beam to be under the 
influence of a very moderate pressure, 
but the breaking weight of sucn a beam 
would be much less than that of one 
arranged according to the powers of the 
material to sustain tension and com- 
pression. Mr. Tredgold thought that 
until the elasticity became injured, the 
powers of resisting tensile and com- 
pressive forces were equal, and that a 
beam with equal upper and lower flanges 
was therefore strongest; but the idea 
of perfect elasticity under one-third of 
the breaking weight proved incorrect: 
it has no truth as regards the breaking 
weight of the beam. A convincing proof 
was obtained by Mr. Hodgkinson, at the 
outset of his research, that the tension 
and compression strength were unequal, 
by an experiment on a T shaped beam. 
Two bars, 4^ feet long, and the flange 
4 inches broad, the rib 1-^jth inch deep, 
with a thickness of metal about xth of 
an inch, were tried, one with the flange 
uppermost, and the other with the rib 
uppermost ; they broke as follows : — 

Breaking 
weight. 

1. T» or flange at top . . . 2^ cwt. 

2. JL, or flange at bottom . 9 



»» 



The ratio of strength in the two was, 
therefore, as 1 : 36 ; or, laying the bar on 
its flange, it bore above three and a half 
times as much as in the former position. 
Mr. Hodgkinson then proceeded to 
determine the best distribution of metal 
in a double-flanged beam, and after 
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mduanyTaiying the section in the lower The lubjoined figure of this beam is 
flange he arrived at a ratio of section from Mr. Hodgkinson's drawing, 
which gave him nearly half as much The experimenter found that the 
againof strength, in comparison with the strength in such a form of beam in- 
equal-flanged beam. The subjoined creased as the depth, and also as the 



condensed table tracks his progress * i — 

StnoKthpOT 



No. of 

1 


Ratio of 

MCtlOB of 

flaagas. 
1 to 1 


AiMofwhoto 

Mctionln 

•q. Inches 

2-82 


■q. inch of 
leetioQin 

llM. 

2368 


a 


1 to3 


2-87 


2867 


8 


1 to4 


302 


2737 


4 


I to 4-5 


8-87 


3188 


5 


1 to 6*5 


500 


3846 


6 


1 to 61 


6*40 


4075 



area or size of the bottom flange ; thus, 
the rule given in art. 49 applies here 
when the value of c is found from these 



With the last-mentioned experiment 
(No. 6) the gain of strength became 
two-fifths, wmle the saving of metal 
amounted to three-tenths. 

In this experiment the width and 
depth of the flanges were as follow : — 
top, 2*33 in. wide, 0*31 in. deep; bottom, 
6-67 in. broad, 0*66 in. deep ; the rib 
between was '266 in. thick ; and the 
total depth 5| inches; the areas were 
then as follow : — 

area of top flange s= '720 in. 
area of bottom flange =s 4*400 in. 




experimeqts. It appeared to be 5 1 4 c wt., 
which is a mean between beams cast 
horizontally and erectly, the latter being 
somewhat stronger than the former; 
putting this value into tons, we have 
26 tons as the worth of c, and the rule 
for all beams similar to the above figure 



n , . . , ^ 26 X area bottom flange x depth 

Breaking weight = = r — ^ — . 

length 



AH these measures of size are sup- 
posed to be in inches f. 

3. There is now abundant evidence 
that the elasticity of a cast-iron beam is 
soon injured, and the deflection goes on 
increasing in relation to the weight. The 
set increases nearly as the square of the 
weight, and also as the square of the 
deflection. Mr. Hodgkinson tried some 
inch square bars, with bearings 4| feet 
apartf and from 12 kinds of iron ob- 

Weights 1 

Observed set *00d7 

Calculated set = ^f^- . -0030 

Subsequent investigations fully bear 
out the observation that the smallest 
weight causes a set, and that the deflec- 
tion therefore increases more' rapidly 
than the weight or load applied. A 
careful experiment lately recorded by 
Mr. Hodgkinson :(, on a bar 13^ feet long, 



tained the following results : the upper 
row of figures denoting the weights ap- 
plied in half-hundreds, the middle row 
exhibiting the experimentally found 
amounts of sets under each half- hun- 
dred weight, and the lower row show- 
ing the computed set from a formula, 
showing that the square of the weight 
supplies a true calculative law of the 
relation of the weight to the set. 



2 
•0127 



3 

•028 



4 
•049 



5 
•076 



6 
119 



7 
149 



•0122 -027 -049 -073 •HO -149 

1^ inch deep, and 3 inches broad, well 
exhibits this increase from the first load; 
by dividing the weights by the deflection 
we obtain the following numbers, which, 
as they decrease in value show the in- 
crease in the deflection above the sim- 
ple proportion to the weight: — 



* Moseley, Mech. Bng., p. 558. :|: Reports of the Commissioners appointed 

t Tredgold's Bssay on Cast Iron^ 2Dd part, to Inquire into the application of Iron to Bail- 



p. 444. 



way Stnictures. Appendix A. 
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«r . 1-. Weight 

Weight Deflection. 

28 lbs. 1547 

56 149-2 

112 148-7 

168 141-9 

224 137-3 

280 133-0 

336 129 

392 123-7 

448 119-3 

504 114-5 

560 111-2 

616 106*6 

672 102-4 



Weight 






Wdght 

Deflection. 


728 lbs. 






957 


784 






89-8 


840 nearly 


broke. 


85-0 



4. To discover what effect different 
loads would have, when beams were re- 
tained under their pressure for long 
periods of time, Mr. rairbaim subjected 
some beams, one inch >square in section, 
and 4^ feet long between their supports, 
to from two-thirds to nearly their break- 
ing weight for five years, and noticed 
the succeeding consequences*: — 



Date of 
Obcervation. 



9> 

«> 
>» 



99 






»> 



>> 



»> 






1837, March 6 
9 

11 
17 
April 15 
May 31 
Aug. 22 
Nov. 18 

1838, Jan. 8 
Marchl2 
June 23 

1839, Feb. 7 
July 5 
Nov. 7 
Dec. 9 

1840, Feb. 14 
April 27 
June 6 
Aug. 3 

„ Sept. 14 

1841, Nov. 22 

1842, April 17 



Temperature 
of the air at 
thne of obser- 
vation. 



Fahrenheit 

• ■ • 

49° 



47 
62 
70 
45 
38 
51 
78 
54 
72 
50 
39 
50 
63 
61 
74 
55 
50 
58 



wowsh 



Deflexions. 
Load 280 lbs. 

... 

•916 
•980 

•930 
•932 

•937 
•942 
•941 
•945 
•963 
•950 
•959 
•955 
•956 
•955 
•954 
•951 
•953 

1-047 
1-045 






Deflexions. 
Load 33611m. 

1-267 
1-270 
1-270 

1-271 
1-274 
1-288 
1-285 
1-288 
1-298 
1-316 
1-293 
1-305 
1-303 
1-303 
1-305 
1-309 
1-303 
1-305 
1-305 
1-306 
1-308 



hi} 






Deflexions. 
Load 448 lbs. 

1-410 
1-413 
1-413 
1-413 
1-422 
1-424 
1-438 
1-431 
1-430 
1-439 
1-457 
1-433 
1-446 
1-445 
1-445 
1-446 
1-445 
1-445 
1-447 
1-447 
1-449 
1-449 



After Aug. 8, 1840, it appears that a body must liave fellen on the bar, exp. 1, 

increasing its deflection. , , ^v, . ,. i. ^ v v v i 

Exp. 9 was a hot-blast bar, 1*04 inch deep, and 1-01 inch broad; which broke 
down with 892 lbs. Other hot-blast bars also broke with 448 lbs. 



Comparing the third, fourth, and fifth 
columns, there appears to be verv little 
difference in the increase of deflection 
after the first superposition of the load, 
whether two-thirdis or most of the 
breaking weight be imposed : taking the 
top row of figures, denoting the deflec- 
tions, and subtracting them from those 
opposite August 3, 1840— giving a space 



of three years and five months — we ob- 
tain the increase of deflection : 

With 280 lbs. -953— -916 = -037. 

With 336 lbs. 1-305 — 1-267 = -038. 

With 448 lbs. 1-447 — 1*410 = -037. 

The increase of deflection during the 

whole time was, therefore, -037, or 
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nearly l-Srd of an inch, and proves, in 
connection with the last article, the im- 
propriety of adopting any rule founded 
on elastic limit, since it is evident that, 
while the elasticity of a bar is injured 
as soon as a weight is applied, the paro- 
tides or fibres Uke upmsh positions, 
until the antagonistic forces in the beam 
are broii^ht nearly to equality, when 
one-third or two-thirds or the breaking 
weight equally affect the subsequent de- 
I of the beam. 



5. As temperature so mightily affects 
the density of bodies, or the relative 
closeness of its atoms, Mr. Fairbaim 
was led to try the effect of great cheuiges 
in this particular on cast-iron beams. 
As the following table will show*, he 
subjected severfd bars of Coed Talon 
iron 2^ feet long and one inch square in 
section, to rather extreme conditions- 
some in ice, or surrounded with snow 
and salt, others in melted lead, or to a 
heat red in the daj'light. 



jrtfBVflfBiWBii 


Bnaking Weight. 


Ratio of the 


Fahnnheift. 


/^ "^ 


^\ 


itrengtiuiof the two 




CoUblart. 


Hot blast. 


inma. 




No. 8 lion. 


No. 9 Iran. 


• 




Ita. 


llM. 




160 




800*3 


1000 : 967*2 


26« 


851*0 


8231 






m«ui 


mean 




82« 


968-5 r*^® 


038-41 j^ 


1000 : 977-6 


190° 


743-1 


823*6 


1000:1108-3 


Red in the dark 


7231 


829-7 




Perceptibly red ) 
in dsylight .) 


663*3 








No. 3 Iron. 


NaS Iron. 






mean 






212** 


"^^ -*•» 


818-4 

mean 


1000 : 885-4 


§00*» 


iKo}»o»-^ 


l?j:5H« 


1000 : 847-7 



It would hence appear that up to 
600^ the strength of iron remains prac- 
tically perfect, but at a red heat its 
power fails* As in North America and 
elsewhere, beams are subject to a tem- 
perature of 40° below zero, it would 
nave been additionally interesting if the 
table had included an experiment under 
such circumstances. 

(65.) Wrou^H Iron, — ^The transverse 
strength of this material is not yet suffi- 
ciently known ; beyond a few railway- 
bar experiments by Mr. Barlow, and 
some scattered observations, there has 
been little done to determine the speci- 



fic strength of solid beams of wrought 
iron ; of iron-plate or tubular beams we 
have, however, a great mass of informa- 
tion, owing to the study of them called 
forth by the proposal of the tubular 
bridges. As a safe material for supports 
of any kind, whether roofs or bridges, 
it is greatly preferable to cast iron, since 
it is so elastic, which it preserves under 
a great pressure, and affords such timely 
notice of fracture. 

Mr, Fairbairn tried two eirders of 
wrought iron of the double-flanged or 
X kind, with the following results f:— 



AXMOt 

top flange. 

1. 1 X 2*5 in. 

2. 1 X2ij 



$* 



Area of Bib. Length between Defleo- Weight 

bottom flange. Height. Thickness. supports. tion. applied. 

•380 X 4 in. 7 in. -320 in. 11 ft. -60 12,953 

•440 X 4*3 „ 8 „ -350 „ 10 „ -68 18,962 



With these weights the experiments was not so well suited to the more due- 
were discontinued, as the beams bent — 

laterally, even to failing, in consequence; • Brit Assoc. 7tii Report, p. 478. 

another beam acted similarly, showing f An Account, &c, of the Tubular Bridges, 

that the common cast-iron girder form p. 248. 
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tile wrought iron. From these trials we 
obtain, taking the area of the bottom 
flange, 

1. c=s4*] tons. 

2. c s 4-7 „ 

Many girders are, however, made of 
the double-flanged kind, care being taken 
to stiffen the rib by small plates riveted 
at right angles to it on each side, and 
reaching from the upper to the lower rib. 

A remarkable fact was discovered by 
Mr. Fairbaim in his experiments — ^that 
the top.flange should have an area double 
that of the lower to give the strongest 
form of beam ; whereas, in cast iron, the 
lower must be above 6 times as great as 
the upper flange to attain the same end. 

In a former treatise (Equilib. of Struct. 

{>. 188) will be found a series of calcu- 
ations on Mr. Fairbaim's tubular ex- 
periments, the specific strength / being 

Tons. 

From the circular tubes • . /:= 13*34 
From the elliptical tubes . • /= 16*55 
From the rectangular tubes • /s= 8*26 

The latter value, however, does not 
fairly exhibit the strength of the rectan- 
gular tubes, which can be doubled in 
strength by allowing twice as much area 
in the upper as in the lower side; and 
this modification Mr. Hodgkinson's rules 
do not reach. 

Wrought iron preserves its elasticity 
much better than cast iron ; an experi- 
ment of Mr. Hodgkinson's, given in the 
Railway Commissioners* Reports, fully 
proves the superior elastic power of the 
material, showing little variation in the 
ratio of deflection to the load, while the 
latter was increased from one-quarter to 
six hundred weisht. The bar was 13} 
feet long, 1 inch deep, and 5 inches 
broad. 



are perfectly aware of the danger of using 
any kind of stone for beams where there 
is much chance of serious or irregular 
pressure ; its weakness in respect to this 
strain is manifest from all experimental 
evidence concerning it. Gauthey states 
the value of S for limestone to be 
follows :— 



as 



Hard limestone 
Soh limestone 



Ss781b8. 

Ss=:691b8. 



Mr. Hodgkinson has thus compared 

the tensile, crushing, and transverse 

strength of several kinds of stone, the 

power of resisting a crushing force being 

= 1000. 

Tensilew Transrene. 
Black marble . . 143 10*1 

Italian marble . . 85 10*6 

Rochdale flagstone 104 9*9 

Yorkshire flag . . 9*5 

Mean . . 104 10*0 
For common b/ick Mr. Barlow found 
S == 64 lbs. 



M ■■ # •_ _ 




Weight 


Weight 




Deflection. 


28 lbs. 




147-4 


56 




145*3 


112 




145*6 


224 




143*2 


336 




143*3 


448 




145*7 


560 




146*1 


672 




1407 


784 




134*6 


896 




126*3 


1008 nearly broke. 


730 



(67.) Deteusion. — This term has 
been applied to denominate that kind of 
fracture which would occur in the use of 
shears if their edges were blunt, or which 
happens when a heavy wheel breaks its 
shait close to the support or plummer- 
box, or when the punch of a punching 
machine makes a hole in a plate ; it may 
be commonly termed the resistance to 
shearing across, and from its occurrence 
in machinery deserves investigation. 
Coulomb thought it was equal to the 
force of cohesion, but Robmson sup- 
posed it twice as much. Deal is stated 
to have a strength per square inch of 
section of 592 lbs., in the direction of 
the fibre ; cast iron, 73,000 lbs., as de- 
duced from experiments on the crushing 
of that material; wrought iron from 
45,000 lbs. to 53,000 lbs. 



General Comparison of Strength. 

(68.) We may here add the ratio of 
crushing, tensile, and transverse strength 
in different kinds of materials, which has 
been deduced from all the experiments : 
estimating the resistance to crushing at 
1000, we have for 



Stone. 

(66.) Of the transverse strength of this 
material little is officially known, but we 



Timber . 
Iron, cast 
Stone • 
Glass • 



Com- 
praMion. 

. looa 

. 1000 
. 1000 
. 1000 



Trans- 
Tensioii. vene. 

1900 85*1 

158 19*8 

100 10*0 

123 10-0 
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iirain^General Laws of Torion; ^^ 1"^'%/ ?u"**f 'uf* of a dia. 

'~/r!i!7'*^'*^*'*'^"'*'^ perimente on different substanc^. h^ 

and moduiu-^Omparakve Tontan, Jeduced the following laws, which must 

(69.) Thirx are frequently strains acting be regarded as naturally true, from the 

on such parts of machinery as axles, fact of their having been evolved from 

shafis, spmdles, and all bodies subject experimental results *: — 
to rotatory movement, which are not ^ , . 

explained nor calculable by the prin- Sataets Laws. 

ciples of the tensile, compressing, and 1. Whatever maybe the figure of the 

transverse strains ; they are twisting transverse section of the rod, the arcs 

forces, and tend by a curvilineal motion of torsion are directly proportional to 

to force the longitudinal and straight the .moment of the force and the 

fibres of any material into a spiral ar- length. 

rangement. Such a twist or torsion, or 2. When the sections of the rods are 

deflection, will be given to very ductile similar, whether circular, triangular, 

or plastic substances ; while brittle and souare, or very long rectangles, the arcs 

hard materials, resisting as long as pos- of torsion are in the inverse ratio of the 

sible, will at last suddenly break across, fourth power of the linear dimensions 

or otherwise split, at the weakest part, of the section. 

The strain of torsion is very peculiar ; 8. When the sections are rectangular, 

some have considered it as measurable and the axles possess a uniform elas- 

on the same ground as we should esti- ticit^ in every direction, the arcs of 

mate a blunt-edged tool by dead pres- torsion are in the inverse ratio of the 

sure, pushing forwards the fibres of a product of the cubes of the transverse 

body and making a hole in it ; it is, how- dimensions divided by the sum of their 

ever, very unlike such a case. squares ; whence it results, that if the 

(70.) Some calculations have indi- width is considerable in comparison with 

cated that the strength of an axle to re- the thickness, the arcs of torsion will be 

sist torsion is as the cube of its diameter; sensibly in the inverse ratio of the 

the strength also increases as the tor- width and the cube of the thickness : 

sion, as the transverse section of the these laws are also correct in circum- 

shaf); or axle, and inversely as the length stances where the elasticity is not the 

of the axle. The deflection or angle of same in all directions, 
torsion of a fibre has been found to in- (71.) These laws agree most satis- 

crease as the weight producing the tor- factorily with the calculations of MM. 

sion, — a law similar to that governing Poisson and Cauchy, from which rules 

the deflection or bending of a beam have been given for estimating the de- 

under transverse pressure. flection for torsion, and rupture of 

Hollow beams or tubes are said to be twisted bodies ; they have been quoted 

three times as powerful in resisting tor- by Mr. Hodgkinsont* as follows : — 

Resiftanoe (F) to a twist, Resbtaoce (T) to 

Fonn of rod. or angular flexure. firacture. 

21 2 

Round F = tt^X . . T = u^X . — . 

irr*$ irr* 

Square Fsssm^X.— --. T = tt;X. 



d^e V2rf»* 



EecUngu,a,..F = .X.i(^±^^. T = «,X . i^*! +^. 



If^d^B b^d^ 



In these formulae, F signifies the spe- strength (see p. 251); the letter w ex- 

cific resistance to turning round, and presses the weight or load acting on the 

must, like S, be determined by ex- 

P®''?!°IL'^..^^'' requires an experi- . Annales de Chimie et de Phys. vol. xxxl 

ment to gfve it a numerical value, since f Tredgold on Cast Iron, 2nd part, p. 496, 

It corresponds with S in transverse 4ihedit 
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rod or axle with any leverage X, in Mr. G. Rennie**^, with cast-iron bars 
inches ; and / denotes the length of the one inch square, and the weights pro- 
rod, r its radius (when circular), b and d ducing torsion acting at the end of a 
its breadth and depth, or thickness when lever three feet long, found one break 
rectangular. The angle through which with 191 lbs. and the other with 231 lbs. 
the fibres twist is here shown by B. in the scale, the former being a vertical 
(72.) Several experimenters nave af- and the latter an horizontal casting. 

forded means for determining T and F, Then for the 

Mean 
Horizontal casting . . . u^ =s 191, and T == 29172*4 lbs.\ 09097 iu 
Vertical casting .... m; = 231, and T = 35281-8 ^^^^^i^os. 

Four experiments of Messrs. Bramah give T = 27,534 Ibs>, and a mean of all 
these gives T s= 32,503 lbs. 

The rules, then, applied to cast iron become as follows, all the dimensions 
being in inches : — 

1? r J w 51055. r8 

For a cylmder • . . ... W := - 



For a square rod . . 
For a rectangular rod 



W=i 



W = 



X 

7661 rf» 

> 

X 
10834. 62 rfa 



X >/ 6« -h rf2 

(73.) Mr. Be van f made experiments on a number of different kinds of tim- 
ber, and several on cast and wrought iron and steel; whence he obtains what 
he calls a modulus T of torsion, and gives the following simple rule for find- 
ing the torsion in a square axle or rod : — 

Torsion = -^^ . 

The value of T for several different kinds of timber and iron and steel, as 
given in his paper, is quoted in the subsequent table. 

MODULI OP TORSION. 



Kind of Wood. 



Acacia 

Alder 

Apple 

Ash 

Ash, mountain 

Beech 

Birch ........... 

Box 

Brazil wood .. 



Sp. grav. 



Cane 



Cedar, scented . 

Cherry 

Chestnut, sweet . 
Chestnut, horse . 

Crab 

Damson 

Deal, Christiana. 

Elder 

Elm 

Fir, Scotch 

Hazel 

Holly 

Hornbeam 

Laburnum 

Lance wood .... 
Larch 



•795 

•56 

*726 

••* 
•449 



•99 
1-05 



•71 
.»• 
•615 
•763 
•*• 
•38 
•766 



•83 

... 

•86 

.*« 

1^01 

•68 



Modulus in 
lbs. 



28,293 
16,221 
20,397 
20,300 
13,933 
21,243 
17,250 
80,000 
87,800 

21,600 

12,500 
22,800 
18,360 
22,205 
22,738 
23,500 
11,220 
22,286 
13,500 
13,700 
26,326 
20,643 
26,411 
18,000 
26,246 
18,967 



Remarks. 



Not quite dry. 
Cross-grained. 

Of my own planting. 



Old and yery dry. 

Old and very dry. 

( Influenced by the hard sur- 

\ &ces. 



Not quite dry. 

Not quite dry. 
Green> or firesh cut 



• Phil. Trans. 1818. 



t FhiK Trans. 1829, p. 128. 
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KtedofWood. 



Maple 

Oak^Ba^ 

Oak, Httiibiufli...... 

Oak, Dantsc 

Oak (from bo|^ 

Osier 

Pear 

Pine, 8t Petenburgh 
Pine, St Petenbnigk 

Pine, Memel 

Pine, Anwrican 

Plane 

Plum 

Poplar 

Satin wood 

SaUow 

Sycamore 

Teak ^ , 

Teak, Africa 

Walnut 



8p«SnT< 



•676 
•786 

••• 
•698 
•686 
•67 

••• 
•72 

••• 

••• 

••• 

••• 

69 

79 

888 

1-02 

••• 

••• 

••• 

••• 

672 



Modttlmin 



18,809 
28,947 
20,000 
12,000 
16,600 
14,600 
18,700 
18,116 
10,600 
18,000 
16,000 
14,760 
17,617 
28,700 
9,478 
80,000 
18,600 
22,900 
16,800 
27,800 
19,784 



Partly crow grained. 



Fneh. 

Foot or fire yean old. 



Old, partially decayed. 



A very interesting fact was noticed 
by Mr. Bevan in his researches, namely, 
that the resistance to torsion of timber 
▼aries nearly as its specific gravity, in- 
somuch that if the specific gravity be 
known, the rule for finding the twist or 
torsion may be thus modi&d : — 



Torsion s= 



30000 * d* 



M being the specific gravity of the sub- 
stance. 



(74.) The following little table pre- 
sents a comparative view of the torsion- 
resisting power of several metals : — 

lb*. 

Cast steel 19*5 

Shear steel ... • . 17 

Blister steel 16*6 

English iron 10*1 

Swedish iron 9*5 

Hard gun metal 5*0 

Fine yellow brass . • . • 4*6 

Copper 4*3 

Tin 1*5 

Lead 1*0 



APPENDIX. 



Experiments on long and short solid and hollow Pillars of Low Moor (Cast) 
Iron, No. 3 (from Mr. Hodgkinson's Paper in the Philosophical Transactions 
for 1840) ; and on Bars of Cast Iron, showing their transverse strength, by 
Messrs. Fairbairn and Hodgkinson. 



Table I. 

Table II. 

Table III. 

Table IV. 

Table V. 

Table VI. 

Table VIL 
Bars of 



Solid uniform Cylinders of Cast Iron, with rounded ends. 

Ditto, with flat ends. 

Short solid Pillars of Cast Iron, flat at the ends. 

Hollow Cylindrical Pillars, flat at the ends, of Low Moor Iron, No. 3. 

Ditto, rounded at the ends, cast in dry sand. 

Hollow uniform Cylindrical Pillars. 

Results of Experiments by Messrs. Fairbairn and Hodgkinson on 
Cast Iron from the principal Iron Works of the United Kingdom. 
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Table I. — Solid uniform Cylinders of Cast Iron. 
( With rounded ends.) 



I 

« 

inches. 
60-5 

60-5 



60-5 
60-5 

60-5 
60-5 

80-25 
80-25 
80-25 
30-25 

30-25 
30-25 

30-25 
30-25 



20-1666 
20-1666 

201666 
20-1666 

15125 



16-125 

15-126 

10083 

7-5625 
7-5625 

7-6625 
7-5625 

8-7812 
3-7812 



Q 



inch. 
•60 

•50 



•77 
•77 



1-29 
1-30 



•50 
•60 
•60 



•77 



•99 
•99 



1-29 
1-29 



1-00 
1-02 



•786 
•75 



•60 



•76 



•99 



•77 



•61 
•49 



•77 
•77 



a g 



} 



inch. 

* • • 

•60 



•77 



V 1-295 



^ ^50 



•77 



I -99 



1-29 



1-01 



•767 



•76 



-99 



• • • 

• • ■ 



•77 



•60 
•50 



•60 



•8 

o o 



inch. 

•07 

•49 

•04 

•23 



•03 
•17 
•34 
•001 
bent 
•07 



bent 
•16 
•02 
•09 



•02 
•10 



•04 
•13 
•02 
-07 



•01 
•07 
•08 
•21 



•08 
•20 



• • • 

• • • 



• •• 



Is 



lbs. 
. 68 

113 
97 

136 



• • • 

• • • 



2,141 
4,549 
4,997 
2,141 
2,767 
6,446 



248 
472 
304 
472 



1,717 
2,390 



2,745 
4,985 
3,641 
4,985 



12,287 
16,115 
12,287 
16,115 



• • • 

• • • 



1,363 
1,801 



be 



lbs. 
136 
160 



780 
780 



6,149 



6,781 



626 

635 
666 



2,726 



6,105 
6,105 



17,615 
16,955 



15,737 
16,737 

7,265 
6,960 



1,867 



7,786 



19,865 



19,152 



6,188 
4,678 



23,893 
22,003 






} 



lbs. 



143 



780 



5,465 



639 



2,726 



I 6,106 



1 17,285 



16,787 



6,602 



1,904 



9,223 



19,762 



6,262 



22,948 



16,233 
14,981 



16,107 



Remarks. 



These pilfan were cast in 
green sand. 



PilLir weighed 1 9 lbs. 14 oz. 



Broke near the middle. 
Broke } inch from middle. 



T : : : 76 : 23. 

Bent in different directions. 



Neutral line well defined. 
T : C : : 96 : 34. 

Small flaw in tensile part. 



68 : 67. 
66 : 37. 



39 : 11. 



60 : 39. 



32 : 17. 



Split at both ends. 



Ends split. 
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Table II. — Solid uniform Cylinden of Cast Iron. 

(With flat ends.) 



60-5 



605 



60*5 



60-5 



605 



30-25 



30-25 



80-25 



201666 



20-1666 



16-125 



15125 
15126 



12-1 



12-1 



100838 



100833 



7-6626 



7-6626 



3-7812 



20 



T 



tech. 
•51 



•77 



101 



1-28 



-50 



•78 



103 



• • • 



VO ^l ... 









Inch. 
•51 



•77 



•997 



1-29 



1-56 



-77 



101 



•51 



1022 



•61 



•775 
1-00 



•60 



-786 



-60 



-768 



•60 



•777 



•60 



•62 



•62 



6£ 



inch. 



•07 



•05 
•14 



•05 



•08 



•05 
•07 
•13 



lbs. 



1,162 



4,123 
5,467 



1,090 



4,357 



21,897 



••• 
• •• 



I ... 



If 



Ibi. 
483 



5,971 



16,331 



1,662 



h 



i 

ja 



Dm. 

487 



2,456 



6;288 



16,064 



28,962 



Hffliirfcfi 



Had diics 2 in, diam. at 
each end, 



8,811 



32,007 



20,810 



3,830 



31,804 



6,764 



21,609 
•40,260 





7,196 




24,287 




8,981 




26,963 




11,266 




32,007 




17,468 


• • • 


22,867 



24,616 



A wedge broke out, shonr- 
ing neutral line. 



61 : 15. Crack at neutral 
line. 

Cracked at neutral line. 

65 : 35. 



56 : 46. Broke at two 
places near middle* 



32 : 19. 



3:2. 



1:1. 



13 : 12. 



1:1. Broke in seTeral 
{(ieces, butalwayiatmiddle. 



12 ; 18. 



4:6. 



20 : 30. Broke in middle, 
but showed a ridge or wedge 
in centre. 



Bent and cracked half 
across in middle. 



Broke by wedge sliding off 
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Table III Short Solid Pillars of Cast Iron, flat at the ends. 
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Calculated 












breaking weight 
from formula* 


Diameter 








Breaking 
wdght. 


of 

Pillar. 


Length. 


Value of 6. 


Value of c« 


be 
"= 3c- 












*+T 


in. 


in. 




I 


Ibe. 




•60 


121 


8827 


21659 


7,195 


7328 


•60 


10083 


11363 


21669 


8»981 


8872 


•60 


7-6625 


18615 


21669 


11,265 


11608 


•60 • 


8-7812 


60165 


21669 


17,468 


16992 


•777 


20-168 


16713 


62064 


16,681 


16604 


•776 


16-125 


27005 


51797 


21,069 


21241 


•786 


121 


41300 


63142 


24,287 


27043 


•768 


10-083 


5^096 


60865 


26,923 


29363 


•777 


7-6625 


88647 


62064 


82,007 


86130 


1-022 


201666 


44218 


90074 


81,804 


36631 


1-000 


16-125 


66746 


86288 


40,960 


43797 



* For the meaning of this formula see p. 948. 



Table IV. — Hollow Cylindrical Pillars, flat at the ends, of Low Moor Iron, 
No. 3r Length of each pillar, 7 feet 6} inches, except otherwise specified. 



1 


• 


1 


Weight DTO- 
duemg tne de- 
flexion. 


Weight with 
which the pillar 
sunk. 


•**^ 


1 

I 

1 






1 


Kind of Pillar. 


Value of 
formula 


Ratio of 
thicknes 
metal on 
site sides 
place of 1 


Remarks. 




inch. 


lbs. 


lbs. 


lbs. 






1 


Hollow uniform cylin- 
der, same as in exp. 


•02 
•03 


2,813 
3,821 








The thinner was 
found to be the 
compressed side. 




1 of preceding table. 


•00 


Unloaded 








- The weight of 




External diam. 1-78 in. 
lotemal do. 1*21 


•05 
-20 


4,829 
12,001 








this and every 
subsequent pil- 
Lur is the weight 




I^ength of cylinder, 


•60 


16,706 








of the whole 




7ft.4|in. 


•66 


17,489 


17,840 


2978-7 


1 : 5 


lengtn of 7 ft* 


2 


Weight, 31 lbs. 














Cylinder same as No. 2 


•12 


11,217 








This pillar was 




of preceding table. 


•32 


15,137 








reduced as No. 
7 of last table. 




External diam. 1-74 in. 


•48 


16,921 








with similar ne- 




Internal do. 1-187 


direction 










gative results. 




Length of cylinder, 


changed 














7 ft. 4i in. 


•64 


16,818 


16,706 


8031 ^5 


7 : 11. 




3 


Weight, 804 lbs. 
















Bent. 


2,141 








Reduced as the 




External diam. 1*76 in. 


•03 


2,749 








last* or more, 
and gave way 




Internal do. 1-18 


•09 
•36 


6,677 
16,283 








between middle 
and one end. 


4 




•64 


16,241 


16,746 


2968-7 


1 : 8 




External diam. 1*76 in. 


•01 


2,237 








A sound casting. 




Internal do. 1-11 


•19 


16,477 












Weight, 82 lbs. 


•65 


20,609 


20,967 


3586.9 


1 : 2 





* Where W = breaking weight ; D, cf, the external anS internal diameters } and x the breaking weight of 
a pillar 7 ft. 6} inches long and 1 inch diameter. 

T 2 
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Table IW, '^eoniinucd. 



a 

e 

6 
6 

7 

8 
9 

10 

11 


Kindof PiUar. 


i 

1 


III 


Weight with 
which the pillar 
sunk. 


e 3 

si " 


Ratio of the 
thickness of 
metal on oppo- 
site sides ac the 
place of fracture. 


Remarks. 


External diun. 2 04 in. 
Internal do. 1*46 
Length, 7 ft. 4 fin. 
Weight, 85^ lbs. 


inch. 
•04 
*08 
•87 
•52 


lbs. 

8 589 
14,703 
29,977 
81,601 


lbs. 
32,418 


lbs. 
8573*8 


1 : 1 




External diam. 2*01 in. 
Internal do. 1*368 
Length, 7 ft 
Weigh^37ilb•. 


•03 
•08 
•00 
•88 
•68 


8,589 

18,667 

Unloaded 

28.353 

29,977 


30,789 


3290*3 


7 : 10 


Small bubble at 
tbefhu^ure. 


External diam. 2 01 in. 
Internal do. 1*415 
Length, 7 fL 4 fin. 
Weighty 36i lbs. 

• 


Bent 
•10 
•01 
•14 
•25 


4,251 

21,857 

Unloaded 

26,917 

27,541 


28,353 


3214*8 . 


5 : 11 


Cylinder same as 
that in Exp. 3 of 
last table. It was 
made straight, 
its ends firmly 
imbedded, and 
it was reduced as 
in Exp. 2, break- 
ing in the mid- 
dle and at three 
of the reduced 
places. 


External diam. 1*99 in. 
Internal do. 1*31 
Length, 7 ft. 5*8 in. 
Weight before redac- 
tion, 39 lbs. 


Bent 
•20 
•55 
•90 


1,456 
15,605 
24,205 
26,731 


27,067 


2988*3 


6 : 7 


Reduced as be- 
fore. Broke at a 
small flaw near 
the middle. 


External diam. 2'28 in. 
Internal do. 1*54 
Length, 7 ft. 4| in. 
Weight, 47 lbs. 






40,569 


8099*0 


4 : 9 


Same as that in 
No. 5, last table: 
it was now re- 
duced as before, 
and broke at 
middle, and at 
one of the re- 
duced places 
near the nuddle. 


Uniform solid cylinder 
cast in green (moist) 
sand. 

Diameter, 1*76 in. 

Length, 7 ft. 61 in. 

Weight, 56 lbs. 


Bent 

Bent 

•85 

•65 


4,185 
10,855 
21,219 
22,787 


23,179 


8115*5 






Uniform solid cylinder 
cast in dry sand. 
Diameter, 1*72 in. 
Length, 6 ft. 6| in. 
Weight, 63 J lbs. 


•20 
•28 
•44 
65 


16,115 
18,855 
20,695 
21,71 5 


21,995 


3207*7 
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Table V. — Hollow Cylindrical Pillars, rounded at the ends, of Low Moor Iron, 
No. 3, cast in dry sand ; length of cylinder, 7 feet 6| inches. 



■J 






S« 




Value of 




Is 




g 


^6 


^-s 


s from 






Kind of Pillar. 


1 


♦* O 


•2S 

1 


formula * 
.- w 


Remarks. 


D'''*-.tf»'« 




inch. 


lbs. 


lbs. 


IlM. 




1 


External diam. 1*78 in. 


*03 


2,237 






With 5585 Ibi. the pU- 




Internal do. 1'21 


•32 


4,829 






lar sunk, but was not 




Weight of cylinder. 81 lbs. 


•49 


5,333 


5,585 


834*37 


allowed to break. Its 


1 
1 










elasticity was Tery lit- 














tle injured, and after- 














wards showed no de- 


2 












fect of strength. 


External diam. 1*74 in. 


•02 


2,141 






Sunk with 5711 lbs. 




Internal do. 1*187 


•13 


4,325 








3 


Weight, 80| lbs. 


•48 


5,585 


5,711 


933*13 




External diam. 2*01 in. 


•04 


2,237 






The thickness of the 




Internal do. 1*1415 


*31 


6,845 






metal at the fracture 




Weight, 36i Iba. 


•75 


8,105 


8,357 


826*20 


was on opposite sides 


4 












as 19 to 42. 


External diam. 2*83 in. 


•24 


11,169 






Thickness of metal on 




Internal do. 1*70 


•37 


12,737 






opposite sides nearly 




Weight, 46i lbs. 


72 


14,697 


15,089 


903-28 


as 1 to 4; the thin 


5 












side was compressed. 


External diam. 2*23 in. 


•01 


2,237 










Internal do. 1*54 


•22 


8,357 








6 


Weight, 47 lbs. 


•69 
•015 


12,137 


12,389 


808*21 




External diam. 2*24 in« 


2,141 










Internal do. 1*785 


•34 


12,445 








7 


Weight, 34J lbs. 


•88 


12,669 


18,341 


1041-7 




External diam. 2*24 in. 


*02 


4,325 






The pillar was reduced 




Internal do. 1*58 


•21 


13,521 


13,913 


917-62 


to half its thickness 
at the ends, and 3-4 ths 
at half-way between 
middle and ends, with- 
out failing in the re- 
duced parts. Sunk 


8 




•01? 








by bending. 


External diam. 2*49 in. 


4,123 






Reduced as before, and 




Internal do. 1*89 


•40 


18,623 






bent. 


9 


Weight, 48f lbs. 


•52 


19,239 


19,855 


996*24 




External diam. 2*47 in. 


•01 r 


3,211 






At the place of fracture 




Internal do. 1*98 


•23 


17,391 






the opposites were in 


10 


Weight, 41 lbs. 


•62 


18,667 


19,003 


1123*6 


thickness as 7 to 9. 


External diam. 2*46 in. 


Bent 


2,141 






Thickness of sides at 




Internal do. 1-65 


*04 


9,103 






fracture as 3 to 4. 




Weight, 49 lbs. • 


*49 


18,0S3 












•65 


18,615 


19,147 


989*95 





* Where W == the breaking weight ; D, d, the external and internal diameten of the 
pillar ; and x the breaking weight of a pillar 7 ft. 6| in. long and 1 inch in diameter. 
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Tailb Y^-~~coniintied. 



11 



la 



18 



14 



15 



16 



17 



18 



19 



KindoTPUItr. 



KxtMntl diam. S-78 in. 
Intonial do. 2*17 
Weight, 48 Um. 



Srtemal diam. 2*74 in. 
Internal do. 2*155 
Wdght, 61 i Iba. 



Bxteraal diam. 8*01 in. 
Internal do. 2*48 
Weight, 50i Iba. 



Bzto^nal diam. 8*36 in. 
Internal do. 2*823 
Weight, 69} Ibi. 



Bxtemal diam. 8*86 in. 
Internal do. 2*63 
Weight, 77| lbs. 



Solid nniform pillar, 

rounded at the ends. 
Diameter, 2*24 in. 
Weight, 98 lbs. 



Shobteb PILLAB8. 

External diam. 1*78 in. 
Internal do. 1*21 
Length, 4 ft 9 in. 



Bxtomal diam. 2*81 in. 
Internal do. 1*67 
Length, 4 ft. 9 in. 



Bxtemal diam. 1*85 in. 
Internal do. 1*86 
Length, 2 ft. 7 in. 
Weight of 2 ft. 5 in. = 
8 Iba. 15i ox. 



Inch. 
Bent 
•08 

•70 



•02 

•14 

1-10 



•07 
•28 
•75 



•09 
•82 

1*10 



Bent 
•09 
•80 
•90 

1-07 



Bent 
•02 
•25 



•35 




11m. 
8,608 
12,105 
22,787 



8,603 
21,219 
27,491 



16,115 
21,219 
25,923 



16,115 
80,627 
40,385 



8,855 
16,115 
83,424 
40,511 
49,494 



2,141 

7,541 

20,273 



82,587 



i! 



Value of jr 
fromfonnula 

W 
Mrs 



n». 



28,968 



27,888 



26,707 



40,973 



50,477 



21,281 



18,693 



86,382 



33,768 



.4.n 



-d*- 



.7« 



llM. 

949*48 



1059*5 



819*46 



895^02 



880^11 



2026*6 



927*86 



1005-3 



784*9 



Rcmarki. 



Thickneis of metal at 
fractare as 2 to 3 
nearly. 



Thickness of metal at 
fracture as 9 to 15. 



Thickness of metal at 
fracture as 19 to 34. 



Thickness of metal at 
fracture as 5 to 7. 



Thickness of metal at 
fracture as 10 to 21. 



Thickness of metal at 
fracture as 11 to 15. 



THE STRENGTH OF MATERIALS. 



270 




00 






& 



3 

at 

• • 



.9 
I 



CO 

(I 

03 



u 

a 

s 

a 

9 
O 



a 

•4 
H 




CO CO 



o 



to 

«0 






CO 



00 






O Ok 



Ok 

CO 
CI 



CO "^ 
04 CI 



oo 

•0 'I* 



Cl 



o 



CO 






^- 



i^. 



00 



CO 
00 



GO 
00 

00 

00 



00 

Ok 
<o 



o 
CO 



CO 

Ok 



00 rH rH 









CO 



«o 
CO 
<o 



s 



00 

CO 






O r-l 

rH rH Ok 



eo 

Ok 
Ok 



GO 
CO 



« 



to 



i 



o 


t- 


«o 


00 


C4 


"^.^ 


M 


«* 


_•• 


00 


OO 


00 


CO 


CO 


•* 



GO 
OO 

CO 



CO 
CO 
CO 

CI 



CI 

Ok 

Ok 

-^ 
«o 



00 

o 



CI 

Ok 



o 

GO 



iH C9 

-^ o 



CO 

rT 

CO 



CO 



Ok 

o 

Ok 



CO 
CO 



7 * 

•St 



Ok 

Sco 

CO 



CO 
GO 

CI 
00 



CO 

o 

CO 
CO 



U3 



CO 



00 

oo 

00 

oo 






V» r-l 

eo rH 

rH »0 

d d 



o 
ft 

CI 



Ok lO 

d CO 

** rH 



CO 
d 



d 



oo 
d 

eo 



GO 

O 

CO 



o 
•Ss 



^d 



^' 



to 



d t« 0» Ok 

w> <«i< eo eo 



d 



0» 00 d O CO 
rH rrf r-l d O 



•CK> rHOOdO W> d^d 

aS »S»3|>.t*OrHdCOb-pkr-l 

St* Wt«l^-F«^-0pOkOkOkJb>lb*Ok 

.<j« «>UdJt««OrH«4<^^«000koe0 

gd dd»H.7<d»7ifH»7lTHO»HrH 



%^. 



a" 



00 

o 
d 

d 



i 



eo CO 

O CO 

d CO 

lO rH 

d d 



CO CO 

SCO 
rH 

f-i Ok 

• • 

d rH 



M>w»coeO"^"^t»eo 
oococooocoeo 
oooo-Hcococo-coeo 

COCO-^OOddrH*^ 



ii 

X 



rH d eo 



ud CO 



00 



O r^ 



d eo 



am 



APPENDIX. 



o 

§ 

^ 

a 



8 

o 



a 
o 

a 



e 



o 



d 

" d 
_■§ 
I = 

!>« 

§^ 

e 

•a 

•e 

•a 



CO 
Oi 



M 



o 



H 

9 





eS 



9qi JO jaA<jy[ 



0>a0^r-lOOOaOfc«(Oi-HeOG>4>0009r-*r-lOki-HtOOOt«t» 



•m JO iio{x»B 



t<* U> U) b« 0» »^ -^ ^ ^ fiO <M &« '^ O b-00 O pH -^ ^^"41 A 
'^OkOQOh*Oki-><0GOC4i-HrHIO-^kOeO'<4«OOr-<OOU)COU3 

^«ooooto>OGO^-to<oeooQOO»toeoi>>t^QO-<4«o»t«t^ 



JO Is) m8|«M 



aok«o^-oob»(Ni-40»koco-<«<09t<-eoeoo» 

^»eQeo<^lr-«r-lOAoooo^>^>I'•«o«o<oto 



lO kO Ud ^ t^'d -"^i 

-^^ -^^l -^ ^ '^ -^^l 



npni ayrenbf iad 

tqi u| X)u>i)ni9 

JO fn[npoH 



o o o o o 
o >o o o o 

O «> "^ 1-1 <3> 
r^ CO 00 CO t'- 
r-l t^ 00 ho O 
C<l "^ t* OO t- 
1« <N ©1 t- "^ 
rH ©« W rH pH 



O O O 
O O O 
O W> O 

<M o» eo 

O t» <0 

ao CO r-t 

;o >o tA 



o o o o 
o o o o 
o o »o o 

O h- O r-< 

A O h- O 
^ CO 09 CO 



o o o 
o -^ o 

»0 t- 01 
O OO r-t 
O r^ OO 

ud o» eo 

•«<< 00 >o 



o » o 
o <o o 
o o o 

W» i-H (N 

00 i-H »o 
O Oi oo 
<o -^ -^ 



o o o o o 
o o o »o o 
US o to >0 U3 
t^ CO Oi QO O 
O Oi U3 O rH 
CO ^ Oi O OO 
"«• k<d CO -<4« CO 



*£|iA«x8 9g(9ads 



0><»«Or-l04«OOOU5C^OitOb-*-040000000 
«0C0'-0h-'*«OO»0»O»>.'<i«»i-irH»OC000r-<00 



M !-• O CO o 

(N^OUdb. .__,_._ . 

rHC^COOO»OOOOOOf-IOOOOOOOOOt-iO 

t*t««^-^-<o^•^-^<•t'-^•^-t^^•^•^•^-^•^-t*t*^•^-** 



s 



o 



"^ 

, CO 

o . 

hi: 
o a 



o o 

00 
o* CO 

^ cs 



o 
oo 



o 

CO 



o 

{z; 

o 

cjz; 



o 

13 



.£» d'O 






o v 



3 d 

■ >^ o S3 j«: 



J 



OB _a 



o o « 

TS 13 J3 



01 



O C^ 



^-<^'^d 

fe: i ^ 

OS 5> <= 



00 



o 

.13 






<M 



2 ^ 
a> O 






3 d 

o 



pq<«5 



• • ^ 

o o • o 



o 

iz; 



4) .J- a, 






JO 31898 aqi Of 

QOJI JO 'O^ 



THC^eO"^»0<0**00<350i-l 



C^COTf4XOCOb-00040r-l(MCO 
r-irHrHrHr-ii-irHrHC401<MC<l 



THE STRENGTH OF MATERIALS. 



281 



S 



*pn3 (S 






^ Td •« 

sll 

>4 t4 k| 

V «> V 

.da .r: 



1 






s 



•4 

ts ^ ts 



>4 

a» 



B >4 






«• ^ '^^ a< A* R* "^^ "^^ ^ ^^ ^^ ^^ ^^ 08 oS 6Q 



o o o 

OQOQGQ 



O 5 
OQCQ 



o 
OQ 



o 
OQ 



teS S3 g g 
^ U) bo hb So 

^ «a «• -(i* 



g bo 
5d^ 









I 












(ao 



I 






g||^ 



>£3 fia^ g'a.SPE^ .£P.SP3 .2° J fi fi^ S^ S'C S^^S.SP 






.<1 



•^O0»'«*«<M0it—CQC^i-i<N00C^0Sr-l**»Oi-H0iC<lrHC0W>0at*OO-«<<C0rH 



00 



Ol Od >0 <N 

t^^- »o oo 



l«OOib»l>»b»00000<0»HOOO>(N"^0©:ir-40NO^OC^OV3«0 

cocoooao>A-^co-<4<r-iu3krdcoi— icNtAcoeoi-^c^oot^cooc^co 
icO'^aocoao^co<oio(NOQcou)C4^iocioo9GO^i^aoxrdco 

irHrHiHi-lr-li— lr-«i-lr-lrHrHrHf-lOI?-irHf-*r-lrHr-«rHf-*r-liHrH 



O 
CO 



0000b»t*^«0C0©l(MOO00<0C^rH0S0lb»b*<0^05O00«0WC0C10»A^ 



OO 



«ooo«o«oooo<oo?oooo 
«ooo«o«o<ooo«oo«oooo 

OOOOJr-lOO"^C01;^'*COO>»000»0 
dO>00i-lt-<N>O<»00rHC000b»^ 

<^(Meo-<4«udco;ocooocoio>ooo>o 

r-iC<li-lrHr-ii-irHrHrHi-li-lr-lr-liH 



oocoooooooeo 


oocoooo«oooco 


0&OCOO>0000-^r-i 


Oi-i00rH«>(MO«0"«if4«0 


aO^>OrHCOr-lrHCOOd>0 


C^(NO><N»00»OOC<lf-« 


iQUdTtiTticiou^t^eo^ 



O O O 00 O CO 
O O O CO O CO 
U3 O U3 OO o <o 

c<i '«i< o» OS ''^ i-i 

C<1 O >0 CO ^- "<if< 
CO GO C^ U5 0> CO 
"Til -<* Gi| rH 1-1 CO 



O 
O 

i-l 
'^ 
I'. 
CO 




t-t-t»***-t-t*i>**t^«o**«ot»«ot»t^t»«ot*t*t>»«ot^«o<o«o«o«o<o 



00 

o 



a 






o 

co":2 

o 
u 



00 CO 

• • 

o o 

s ^ 

a o 
»j Iff 



o 



C9 



•r* o 



3 

si" 

• o 

i § 



CO 'C3 55 <N 



3 



CO 



i -S --^ <=»* »3* 

r 4> c cl -^ 

3 Jji O C K^ 



300 
•^ -o "O 

o 






CO 

o 

Jz; 



o 

5z; 



C<l 



.a 



J 

3 



o 

•^ « 

- ei 



o 

b 

1> 






:5zi 

♦fafcQ 
e > . 



c 


nS 


^ 





•k 


u 


>t 


•« 


t4 


(N 


nS 




q 









^ 


PE4 


•^ 


<a 


c^ 




^J 


bt: 


en 


WW 



90 



«D 

§3 



o 



O 



: O 



|3J 

♦» TJ 3 

.Coo 



o 



o 
CI 



(M 



• O Z 

«i SS ^ »JB 



o 
•S c 



O 

a . 



d o ® 

-i^ d 2 
ojz; 2 

^ .a 

. §J? 

t-^ rsi P-l 






n 

H 
o 



«r 



«■■ .— • 
o 

&> O 



•^>0»b-aOOOrH<MCO'«!HO«Ot-000»Oi-l<MCO'*>«<Ot^OOC50i-f'MflO 

^c^c^MC^c<icococooococococooocO'^'^"«!i<'^'^'^'^'^'*'^»oo>o»o 



o 



282 



APPENDIX. 






»; 



di() JO aoMOd 



•sj«q9aaj-ff 

am JO uo^xag 

-ap a»«wpin 



"2 

8 

8 



1 



•J 



•sqini 

*8vto\ laaj f ^ «iwi 

JO (s) ?qaiaM 

Saiiicajq uBaj^ 



'qam aivnbs lad 

tqi ill A)piifl«ia 

JO sn'iiipojv 



•AliACJiS agtodds 



g 






•il)lluaji)8 

JO aiBOS 3l{1 ui 
UOil JO 'Ol^ 



1 



Is 



« ^ 

1^ 




OS Wi iH 0> 1-4 

t-t* i^ fc* t^ 



©I M 



WS«* 000<N Cq 
C^ -^ t^ lO OO CO 



rH rH ©^ tH iH rH i-l r-< 



S rH t« 

S r-l «0 

S ^ ^ 
CO 



GO 



00 O Oi C<l '^ o «o c^ 

OC<1 dOSXOOOCOO 
»0 O '^CO'^'^'^^O 



o e<i 

CO o> 
eo iH 

lO CO 



W> O O 
00 0>1 t- 

lo -^ eo 
u> o c» 

rH •**< CO 



»o o w 

t- 00"*H 
«© <0 r-l 
OO CO CD 
CO "^ 90 

to CO 00 



ia CO 



d 00 eo 00 eo C4 
o o» u) ^ eo to 

0> O O <M f-l 00 

• *•••• 



3 



* • * ^ _• 

^ o o o o o 

^» ^O "O "O ^O ^d 
,4 



CI 



."2 o ^ o 

dt.§§.§ 



o o o 

•O tS TS 



^ o* o' 

fQ 1^ n3 

§15 i 
OQPE4OQ 



U)CO 
kO o 






00 
»o 






I 



I 



QO 
00 

a 



I 
I 

•2 

a 
5 









e« 



(M 



it 



J 



O 
o 

s 



R* 




^ 




Cl 


-« 


eo 


r« 


"^ii 





11 



a 



INDEX. 



Paob 

Abutments of bndges, foundations of 156 

- irregular thickness of 187 

of old bridges 167 

Accelerated motion, analytical determination of 41 

manner of calculating 18 

Accelerating forces, nature of ' 12 

Acceleration of a wheel and axle, acted on by a weight «... 81 

Addendum of teeth 63 

Air, resistance of, to moving bodies • . . .25 

America, rope bridges of ... 208 

Angers suspension bridge, &11 of . . . . . . . .212 

Angle of resistance, the limiting 107 

Angles of a frame, effect of pressure on 120 

Angular Telocity of a rotating body 27 

Annular wheels 46 

Applegath and Cowper's printing machine . • 88 

Applegath's patent printing macnine . * • « . . . .111 

Arc, circular, as a figure for arches 152 

Arch, the angular 144 

calculations of rupture in tJie 147 

the loaded catenarian . . • 146 

with circular intrados 145 

— effect of loading the crown of an 149 

very heavy haunches 149 

— flat (plate bande) 144 

— laying out of, for building 152 

—elliptical 146 

— with level roadway 145 

— line of pressure in 150 

—parabolic 146 

rerronet's observation of its settlement 150 

point of rupture in the 151 

its practical character 151 

Kobison's observation of rupture in the 151 

sinking of the, on removal of the centre 138 

— • — turning of about the upper edges at the crown . . . . .153 
Arch-stones, conditions required to slide on each other . . . .147 

of turning on each other 148 

' laying of on the centres 1 58 

thickness of in different bridges 159 

Arcole, bridge of, noticed 226 

Argentine, (theatre), roof of 128 

Asia, central, rope bridges of 201 

Axes of rotation, spontaneous 34 

-^ three principal 35 

Axis of rotation, rotation of a body round the shortest when free . . 86 

Axis, pressure on, in a rotating loaded wheel « 32 

— rotation about fixed 26 
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Paob 
Axle and wheel, proportional diameter of to raise a weight in the shortest 

time 33 

Axles, friction of 107,110 

Ball, motions of, when stnick out of the direction of the centre of grayity . 35 

Bamberg, timber bridge at 175 

Band wheels 63 

Barlow's experiments on the tensile strength of timber .... 236 

Barreling (lathe-work) 75 

Beams, cast-iron, strongest section of 180 

deflection of 254 

hidden knots and faults in, to discoyer 130 

rules for calculating the strength of 251 

supported at one and both ends, rules and best forms for . . 253 

Bell-crank lever .... .59 

Bevan's experiments on torsion 269 

Bevel-wheels 46 

application of the epicycloid for the teeth of ... 53 

Bhootan, chain bridges in 208 

Birmingham theatre, roof-truss of 129 

Bishopwearmouth, iron bridge • . 205 

Blackfriars bridge, arches of 145> 152 

centre of 137 

thickness of the archstones of 159 

Bolts of suspension bridge chains, strength of 214 

Bones, tubular structure of 260 

Boston, iron bridge at 207 

Bourbon, suspension bridge in Island of 226 

Bow-and-string rafter roof 124 

Bow-drill 59 

Bracket, strength of 121 

Bryant's timber-preserving solution 168 

Brick, as a material for bridge building 151 

Bridge, over the Adda, Milan 158 

Blackfriare 137,138,145,152,159 

Bow . . . . 138 

Chester (new) ; . 138, 159, 162 

Bwex (DubUn) 138 

Gloucester Over « 153, 159 

■ Hutcheson (Glasgow) 159 

• Hexhun (faulty foundations) 154 

• Lary (near Plymouth) . • * 154 

over the Lea Cut, Eastern Counties Eailway 159 

London 138,155,156,157,159,164 

at Maidenhead (Bailway) 157, 159 

at Mantes 138 

St. Maxence 157 

Neuilly 137,138,156,159 

over the Taaf (Pont J pryd) 149, 159, 167 

■ Kibble, abutment of 156 

Tongucland 159 

Toulouse 159 

of the Santissima Trinita (Florence) . . . ^ . . 167 

Turin (over the Dora) 138, 159, 164 

Victoria (Durham Bailway) 159 

Waterloo 138,159,167 

> Wellesley (Limerick) spandrels of 158 

Westminster 239, 155, 156, 158 

(timber) at Bamberg 175 

■ over the Cismone (Italy) 172 

— Clyde (Glasgow) 171 

James River Falls (lattice) 175 



at Eandel (Berne) 171 

near Kandy (Ceylon) 174 
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Bridge (timber), Ladykirk and Norham 176 

Migneron's proposed (at Paris) 130 

over the Onondaga Creek Valley, U. S. . . . . 171 

Ottawa (Canada) 176 

near Portsmouth, U. S 174 

over the Rhine (Schaffhausen) 172 

Schuylkill (Philadelphia^ U. S.) .... 176 

Trajan's, revived by Mr. Price 174 

at Trenton, over the Delaware, U. S. . . . .177 

■ over the Whitadder (girder) 170 

■ (iron) Bishopwearmouth ......... 205 

Boston 207 

Britannia (Menai Strait) tabular . . • , , .184 

Buildwas, over the Severn 206 

Busse's wrought-iron girder 182 

Colebrook-dale, over Uie Severn 204 

■ Conway (tubular) 193, 204 

over the Dee (Chester), fell of . . . , . .179 

Dublin and Drogheda Railway (lattice) 182 

Gainsborough (tubular girder) 188 

Galton 207 

Southwark 206 

" Tewkesbury 207 

(suspension) Arcole (Paris) 226 

Belu's 216 

Broughton, fell of 211 

' Brown's (Capt^ 214 

in the Isle of Bourbon 214, 226 

Freiburg 217 

Hammersmith 214, 215, 225 

Hungerford Market 214, 215, 224 

Menai Strait 213, 214, 220 

over the Niagara 225 

Schuylkill cataract 216 



Union, over the Tweed . . , . 214, 215, 226 

over the Tees (Yorkshire) 208 

Bridges, centerings, for arches of 136 

of curved timber arches 173 

cutwaters for .......... 165 

forms of arches for 162 

Dredge's form of suspension 227 

foundations of piers and abutments 163 

general character of 161 

girder 169, 179 

lattice girder 169, 182 

laying the arch-courses of 168 

■ materials used in building 161 

of stone 161 

• timber » . 168 

iron 177 



Remington's method of constructing 170 

— ■ tables of the principal 230 

Brighton suspension pier, broken by a storm 213 

Britannia tubular bridge 184 

Buildwas iron bridge 207 

Buff wheels (friction) for varying wheel . . . . . . . 66 

Burnett's process for preserving timber . . . . . . .168 

Busse's wrought-iron bridge 182 

Brown's (Capt.) chain links 214 

Buffon's remarks on transverse strength of wood ..... 261 

Caissons, making foundations by 155 

Cam wheels 61, 65 

Cannon ball, resistance of air to the flight of 26 
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Paob 

Catenarian arch, the loaded t . 146 

Catenary curre, fonn and principlos of ...... . 209 

Centres, principles of , . . • . 136 

' removal of 188 

Centering of Blackfrian' bridge 137 

■ Chester new bridge • • 162 

London bridge • . • • 138 

Neuilly bridge 187 

Turin bridge . , 162 

Centrifugal force, calcalation of 37 

at earth's equator 38 

on railways neutralised 40 

Chains for suspension bridges 214 

thrust of, on the towers of a bridge ...•••• 214 

Chester new bridge, description of . • • 162 

Chester railway bridge, fall of 180 

China bridges in Asia and America . • 207 

■ chain bridges in • • • . 208 

Circle, centre of gyration in the • • . . 30 

— ^~ three principal axes of rotation in • • 35 

moment of inertia of, to find 42 

Circular arcs, arches of • • • . 152 

Cismone, bridge over the .•....*... 172 

Claus's proposed wooden arch • . 173 

Cofferdams for laying foundations in water 155 

Cohesion as affecting the strength of materials 238 

Colebrook-dale iron bridge • . . 203 

Colladon's dynamometer 97 

Collier's wheel-cutting machine 86 

Collision of bodies . . . • 8 

Compensating pendulum, the • 21 

Compression of iron tubes 243 

■ pillars of iron, wood, and stone .... 245, 271 

■ laws of rapture by 240 

■'■ tensile strength of cast iron compared 243 

of wrought iron 243 

Cones, friction 65 

Connecticut river, bridge over 171 

Convertible pendulum, the 29 

Conway tubular bridge 193, 203 

suspension bridge 223 

Corrosive sublimate for preserving timber 168 

Corrugation, strengthening plate by 187 

Cost of bridges 160, 164, 166 

Coulomb's investigation of the arch , . .146 

Coupling, Higson's friction 70 

Couplings for driving shafts . . . 69 

Crank and connecting-rod 59 

Crown of an arch, effect of loading 149 

wheels 46, 65 

Crushing of cast iron 242 

" physical circumstances of 241 

of wood 241 

" stone 243 

Curb roof 126 

Carve, motion in a . . 16 

Curved timber for bridge arches 173 

roofs 130 

Cutwaters, forms of 155 

Cycloid, principle of ... 17 

Cycloidal pendulum . - , . . .17 

teeth for rack and trundle ,51 

Cylindrical tubular girder, formula for strength c/ ... 189 
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Definition of dynamics ." 

Deflection of loaded beams 

, injury to elasticity by .... 

. of railway bars from the passage of carriages 

Delaware, timber bridge over the (IT. S.) . . 
Delorme's curved timber roof-truss .... 
domical roofe ...... 



Density, definition of * 

Detrufidon ....*•.• 
Dolcoath mine, time of oscillation of a pendulum in 
Dome, nature of . . . . • . 

of the church of the Mad. della Saluta 

over the Edinburgh Register Office • 

— . — - Halle aux Blfes . . # • 



— of the Pantheon 



Drill, common bow . . . . 
Drilling machine . . . • 

Whitworth's self-acting . . 

Drury-lane theatre, roof-trusa of • 
Dry-rot, prevention of . . . 
Diioui^s experiment on iron wire • 
Duhamel's experiments on cut-beams . 
Dynamics, historical notice of 
Dynamometer, Colladon*s lever . 

— I Morin's self-registering 

— . Prony'g friction . 

Regnier's 



Earth, centrifugal force at equator of • . . • 

-time of revolution of a body round It at the iiurfac© 



Eccentric wheels, varieties of 
Edinburgh Register Office, dome over . 
Edwards, builder of the Pont y pryd . 
Elasticity, determination of . . . ( 

practical nature and moduli of 

. ■ for different substances 
. I ^ 1. of beams, injury of by deflection 

— '- ' cast iron . , . . 

wrought iron 



Elevation above the sea-level, effect of on the pendulum 
Ellipse as a figure for arches . > • 
three principal axes of rotation in . 



Elliptical arch (flat) drawing of 

-^jrith the archivolt a circular arc 

thrust of on abutments 

the 



tubular girders, formula for . 
wheels, for variable velocity . 



Encaissemcnt, laying foundation by 
Epicycloid, application of to bevelled wheels 
generation of for teeth of wheels 



Equilibrium of three forces 

(See Frames, Roofs, DoTnes, Centres, WaJXs, and Bridges, 



Face turning • . • . 

Fairbaim's experiments on effect of temperature on ca^jt iron beams 

— — — — transverse strength of cast iron 

. impact ...... 

the tensile strength of rolled iron plates 

.. hot and cold blast iron , 

for the tubular bridges • 



patent tubular girders 



Falling bodies, laws of 

Fastening of chains in suspension bridges 
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Paob 

Finlmy's suspension bridge 216 

Flat arch, laying out of • .... 152 

Force, accelerating 12 

nature of 1 

Forces, effect of two 3 

equilibrium of three 117 

moment of 118 

parallelogram of 4, ng 

Forge-hammer, centre of percussion in 30, 61 

Nasmyth's patent steam 79 

Foundations of bridges 153 

London bridge 157, 161 

Framework, principles of 120 

Frazer^s account of Indian rope bridge 208 

Friction 99 

gear 47 

cones, for Yarying velocity 65 

clutch, or coupling 70 

— Morin's apparatus and experiments 101 

— — of axles 107, 110 

tables of, for plane sur&ces 108 

Freiburg suspension bridge 217 

Fungi, effect of on wood . . 168 

Gainsborough, tubular girder bridge at 183 

Galileo's theory of projectiles 24 

transYcrse strain 250 

Galton, iron bridge at 207 

Gauthey, obseryation of the falling arch 151 

table by, of rupture in arches 151 

Gear, friction 47 

Gearing 57 

Girders, nature of 169 

cast-iron, forms of 179 

effect of long-continued pressure on ... . 268 

of strongest form of section . . . .179, 258, 263 

trussed (wood) 170, 258 

(cast-iron) 179 

- kinds of 258 

(hollow) of rectangular, elliptical, and circular section, formulae for 

strength of 188 

Glasgow, wooden bridge at 171 

Gloucester Over bridge 1 53 

Gothic building, buttresses of 140 

Graham's compensating pendulum 21 

Granite used in London bridge 162 

strength of , . . 244 

Gravity, Galileo's experiments on 12 

law of 13 

stability of centre of 119 

calculation of rules for estimating time, space, and velocity . . 41 

Grubenmann's bridges 172 

Gudgeons, friction of 107, 110 

form and strength of 57 

Gyration, determination of centre of 30, 43 

Hall, Capt. Basil, mention of an American rope-bridge .... 208 

Halle aux Blfes, roof of 134 

Hammering, influence of, on tenacity of metals 2S9 

Hammersmith suspension bridge 226 

Harrison's compensating pendulum 21 

Haslar Lake (Portsmouth), proposed suspension bridge over . . . 226 

Haunches of an arch, effect of much material in 149 

Headslocks for turning lathes • 73 
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Paob 

Higson*s friction coapling . . . 70 

Historic^ sketch of theoretical dynamics 43 

Hodgldnson on the experiments relative to the tubular bridges . . . 208 

Hodgkinson's experiments on the strength of materials (See Strengtih of 

MaUrUda) 

Hoe's fast printing machine 94 

Hooke's wheel 47 

Hollow spandrels (Telford's) 158 

Humboldt, mention of South American bridge bj 208 

Hungerford Market suspension bridge 224 

Hypocycloidal teeth for wheels 51 

Impact, laws of . . 9 

. and motion on beams 255 

power of hot and cold blast iron to resist 256 

of railway carriages on the rails, experiments on . . . . 256 

I Inclination of roadway in bridges 152 

I Inclined plane, motion on 14 

i Inertia, moment of 27, 42 

I __ in beams 264 

of matter 8 

Insects, tubular skeleton of 259 

Intermittent motion in wheelwork 68 

Intrados and extrados of an arch ........ 145 

Iron asa bridge-building material 152, 177 

- arches, expansion of 178 

bridges (See Bridges.) 

! table of . . 231 

Bufise's girder 182 

expansion of 152, 178 

I oxydation of 178 

i sulphate of, to preserve timber 168 

wire, tensile strength of ....,,., . 216 

— r- plate, tensile strei^th of 238 

corrugated strength of , 187 

roof trusses , , 133 

cast, character of 287, 263 

compressive strength of 242 

detrusive strength of 267 

— — effect of temperature on 266 

' elasticity of 264 

« hot and cold blast, chemic{d analysis of 263 

pillars, strength of .,..,... . 245 

■ tensile strength of 287 

'■ transverse strengUi of . . , 261 

torsion of .... » 269 

wrought, compression of 243 

detrusive strength of 267 

elasticity of 267 

tensile strength of 238 

transverse strength of 266 

Involute teeth for rack and pinion 51 

of a circle, generation of 54 

Jamaica, time of oscillation of the pendulum at\ • • • . . 18 

James River Mis, lattice bridge over ! 170 

Jhoola bridge .' * 207 

Joints of arch stones, bad filling in of I59 

— ' — when affected by a tensile force 289 

Eandel, bridge over the 171 

Kater's compensating pendulum 22 

Eerfed timber , *, 131 

Keynstone of arches * I59 

u 
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Fa OB 

Klng^po8t» nAtnre of 125 

Knoto in timber beanu, to detect 130 

KyAn'i timber-preMrring proceiB 168 

Lftdykiilc and Norluun bridge 176 

Lunier, roof tmai hj 129 

LftiT bridge, foundations of 154 

Laues, their constmetion 71 

Latitude, efiecta of on the pendulum .19 

Latitudes, centrifugal force at different 89 

Lattice bridges^ iron 182 

timber 170 

Laytf'sgiider 257 

Lerer, the bell-cruik 59 

Links (chain bridges), sixes of 214 

Little's printing madiine 91 

Loads on suspension bridges^ effect of 211 

London bridge, centre of 138 

description of 160 

Long's bridges 171 

Lubricants, inflnence of on friction 107 

Machineiy, elements of.. ..58 

Machine, driUing (Kasmyth's and Whitworth's) 84 

— — foige hammer, steam (Nasmjth's) 79 

lathe (Scott and Sinclair's) 71 

planing (Whitworth's) 76 

— — printiii 88 

(Little's) 91 

Hoe's fest 94 

Applegath's patent (TimeB) HI 

punching and plate cutting (Nasmyth's) 82 

wheel-cutting (Collier's) 86 

Machines, centre of percussion in 30 

Mahayillaganga (Ceylon), bridge oyer the 174 

Maidenhead (Railway) bridge 157 

Mansarde roof 126 

Martin's compensating pendulums 22 

Mass, definition of 1 

Materials for bridge building 151 

Mathematical illustrationB of dynamical problems 40 

M&tura (Magazin de), roof over the 130 

Maxence, St, bridge, abutments of . « 157 

Measure of forces, parallelogram for 118 

Medium, effect of, on projectiles . . * . . • . « . • .25 

Menai suspension bridge, effect of temperature on 213 

■ description of . . . . * . . 220 

tubular bridge 184 

Mercury, bichloride of, to preserve wood ...«••. 168 

Mersey, proposed suspension bridge over 216 

Metal, increased strength of mixtures of .*.««. . 239 

Miera, mention of Chilian rope bridge 208 

Migneron's proposed Pont de la Cit6 . • . . « « < . 130 

Marulius Ubchrymana, or dry rot . . « • < . « . 168 

Modulus of elasticity 234 

Moment of a force *«.«.« 118 

inertia of geometrical figures ..*«.. 42, 264 

a wall supported by a buttress 140 

assisted by a shore .*.♦.... 140 

supporting earth ..«.*«.. 142 

pressed by a sloping roof 140 

Momentum, calculation of < « 7 

methods of estimating « . 11 

Montrose suspension bridge 226 

Morin's friction measuring apparatus . . ..... . . 101 
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Paob 

Morin's tachometer • . 102 

Moscow riding house, roof trass of ISO 

Motion, Newton's laws of 8 

parallel 68 

pendnlous 22 

progressive and rotatory of a hall stmck oat of the line through 

lis centre • 84 

— rolling .86 

MoyementSy mechanical 58 

Mont Blanc, time of oscillation of a pendolam on 18 

Moschenbroek's experiments on wood 286 

Nasmyth*s punching and plate-catting machine 88 

steam forge-hammer 79 

Neill and Crawford's malleable iron roofe 184 

Neailly bridge 162, 153 

centre of . 187 

Neutral axis, position of, In a girder 169 

nature of 250 

Newton, rule for resistance of air to moving bodies 251 

Newton's laws of motion 8 

Niagara suspension bridge 225 

Nicholson's iron front roof truss 828 

Nogent bridge, Perronet's observation of its setUement . . . .150 

Norman roof 138 

Odontograph, Mr. Willis's 55 

Onondi^ Creek YaUey, bridge over 171 

Oscillation, centre of cadculated 27, 48 

• in a pendulum 29 

Oscillations in suspension bridge from loads and winds .... 211 

Ottawa, bridge over 176 

Oxydation of iron , . 178 

Pantheon, dome of the 185 

Palladio's bridge over the Cismone 172 

Parabolic ribs for roof trusses 131 

path of a projectile 24 

arch 146 

Parallel motion t . 63 

Parallelogram of forces 4, 40 

the mechanical 118 

Parallelopiped, three principal axes of rotation of 86 

Paris, CeiU of a suspension bridge at 215 

Pasley's experiments on revetments 141 

Patapsco river railway bridge 173 

Paul, St. (Rome), roof truss of the church of 127 

Pendulous motion in bodies 22 

Pendulum, the convertible 29 

compensating 21 

cycloidal 17 

determination of the length of a seconds^ . . . .17 

effect of distance from, the earth's centre on . . . .18 

a change of latitude on 19 

rules to calculate and correct 18 

principle of the 16 

Percussion, centre of 29, 61 

Permanent axes of rotation 85 

Perronet's observation of settlement in an arch 150 

centre for Neuilly bridge 187 

— ^— method of removing centres 188 

Pesth, suspension.bridge at 225 

Piers, foundations of 153 

various thickness of in bridges 155 

V 2 



S98 INDEX. 

Paob 

PilM» Wiebeking^B method of preaenriiig 168 

Pillftn, strength of, under comprenion 2i$, 271 

of diSerent niateiuJ% strength of 249 

Pin-wheelB 46 

Piflcatagiu^ timber bridge oyer the 174 

Pitch-e&cle of a wheel 47 

Planing machine (Whitworth's self-acting) 76 

Plate-bande or flat arch 144 

Plate-cutting machine 83 

Polarized light as a detector of the neatral axis 250 

Polygon, the mechanical 129 

timber arches, iknlt of 172 

Practices of engineers very Tarions in bridge-work .... 157^ 159 

Preserring timber, agents for 168 

Pressure of arch-stones on the centre ....... 136 

earth against reyetments 141 

long continued, effect of on pillars 249 

Printing machine, construction of the ....... 88 

the Times Ill 

Progression with rotatoiy motion 34 

Projec^es, (SaUleo's theory of . . . 23 

resistance of a medium to 24 

— rules to calculate the flight of 24 

Piyd, Pont t> description of 167 

fidlureof 149 

Prussian method of bending timber ........ 131 

Pulleys, &8t and loose, speeds by .......; 68 

Punching machine . 82 

Quito, time of oscillation of a pendulum at 19 

Bafter, angle of inclination of, to giye the least pressure on a tie-beam . 125 

bov-and-string 124 

calculation of thrust of, on a roof 124 

Bulway-bare, deflection of, by passing trains . . . . . . 256 

carriages, pendulous motion of ...*.,. 23 

curves, compensation of centrifugal force ia 40 

—- iron roof truss 133 

viaduct, fidl of through bad foundations 153 

Raised tie-beams 132 

Bange of projectiles 24 

Bectangular tubes, great strength of 188 

Rectilinear convert^ into circular motion 59 

Regnitz, bridge over the 175 

Remington's timber bridges 170 

Rennie's experiments on friction . .106 

observation of expansion in the Southwark bridge arches . . 178 

values for tensile strength of cast-iron 237 

Resistance of air to projectiles 25 

limiting angle of 107 

Revetments, nature of 141 

Reversing movements 62, 77 

Ribs (for timber arches), curvature of 175 

with tie-beams for bridges 177 

Ritter's bridge over the Eandel 171 

Riveting adopted in the Menai tubes 197 

Robison's observation of the falling arch 151 

Rod, the place of its centre of oscillation ....... 28 

gyration 30 

to find its moment of inertia 42 

Roof, bow-and-string rafter 124 

curb or mansarde 126 

curved-beam (Delorme's) 180 

by M. Lamier 129 
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Boof, iron, at Birmingham (railway) 18S 

of Birmingham theatre 129 

Drury Lane theatre 129 

the Magazin de la Mature 130 

' MoBcow riding house 180 

Norman 183 

of St. Paul (Rome) .127 

the Teatro d'Aiqgentino 128 

-: — simple rafter 128 

truss, general 127 

Nicholson's 128 

Bope bridges of cential Asia and America 207 

Botation of arch stones on their edges 148 

cause of 26 

about a fixed axis, inyestigation of 26, 42 

of a body round liie earth 88 

Sayart's laws of torsion 268 

Schaffhausen timber bridge 172 

Schuylkill, timber bridge oyer 175 

Scott and Sinclair's lathe 76 

Screw-cutting machine 75 

Sea leyel, effect of yertical distance fix>m on the pendulum . . .18 

Second's pendulum, determination of* 17 

Section of chain, yariation of (in suspension bridges) . . . .210 

strongest form of, for tensile strain 236 

Self-registering dynamometer . . ■ 102 

tachometer 108 

Semi-circular arch 145 

calculation of rupture in ^ 147 

for bridges . . 162 

Settlement of timber arches 174 

Shafts, coupling, for driying machinery 69 

ofwheelwork 57 

Shores, calculation of their effect 140 

Shortest axis, tendency of bodies to rotate round the .... 86 

Sinking of arches on remoying their centres 188, 166 

Slide rest, in turning lathes 73, 75 

Smeaton's cutwaters 155 

error in the foundations of Hexham bridge . . . .154 

method of lightening arch spandrels ...... 158 

South America, rOpe bridges in ; 208 

Southwark bridge 178, 206 

Span for suspension bridges ......... 213 

Spandrels, space (fiedling bodies) 41 

filling in of, ii\)udicious 158 

of Chester bridge 163 

London bridge 161 

the Pont t pryd 149, 168 

Turin bridge 166 

Waterloo bridge 158 

Wellesley (Limerick) bridge 168 

Westminster bridge 188 

Speed-pulleys 65 

Speeds, wheels for giylng three 67 

Sphere, its three principles, axes of rotation 85 

moment of inertia 42 

Spindles of wheelwork 57 

Spontaneous rotation, centre of '84 

Springing course in the arch 158| 165 

Spur wheels 45 

Stability of centre of grayity • II9 

Statics in reference to structures 117' 

Steam yeaseli^ dynamometer for ••••••••. 97 
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Stems of plants, tubnlsr fonn of 260 

Stirling's csst iron 262 

Stone, ss s material for bridge bnilding 152 

bridges, table of 280 

compression, strength of 243 

physical character of 244 

eqnUibrium of stmctnres in 189 

pUlaiB, strength of 248 

transverse strength of 267 

Storms, effect of, on suspension and other bridges . • 194, 202, 218, 222 

Strength of a beam, to estimate 257 

■ general comparison of 267 

of materials 233 

Stmts in a roof, function of 125 

Snspenuon bridges of Asia and America 207 

— .— ^^— — ^-^ principles of 208 

• — table of 232 

■ See Bridgei. 

Tachometer, Morin's 102 

Tarabita (rope suspension bridge) 208 

Tees, early <main bridge oyer 208 

Teeth, addendum of .... , S3 

forms o( for wheels . . . '. 49, 55 

— ^ rack and pinion 51 

trundle ....•••• 51 

least number for wheel and pinion 51 

relatiye number of in a pair for different arcs of action . ' . .52 

strength of 57 

Telford's cutwaters 155 

paved foundations for piers . .155 

' light spandrels • • 158 

experiments on strength of iron bars ...... 216 

iron wire 219 

Temperature, effect of on suspension bridges 213 

the Conway tube 194 

—. pendulum 20 

Tenacity of metals increased by hammering 239 

Tensile strength of cast iron 237 

wrought iron 238 

■ iron wire 289 

plate 238 

mixcKl metals 239 

riveted pistes 239 

timber 286 

Tension, laws of 235 

in a chain bridge 209 

variation of 211 

Tewkesbury iron bridge 207 

Tie-beam ••.....•.•••• 123 

Tilt hammer . . . . 61,79 

Timber bridges, table of 231 

See Bridges, 

. — — curved for roof-houses 130 

.- bridge arches 173 

■ preserving processes for 168 

.^ Prussian mode of bending 131 

^ tensile strength of 286 

pillars, strength of 248 

Time, a specific feature in dynamics 1 

of flight of projectiles 24 

descent of a body by gravity 18, 41 

Ttmeff printing machine Ill 

Tongueland bridge, hollow spandrels of 158 
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Torsion, principleg of 267 

Town's lattice bridges 170 

Transyerse strain 250 

Traverse moyement ••.... 61 

Traversing machine . . . . . 163 

Tredgold's experiments on cast iron 237, 262, 263 

Trestle bridges 171, 181 

Trezzo (Milan) ancient bridge at . - 158 

Triangular framing, strength of 122 

Trinita (Santissima) bridge at Florence 167 

Trundle . 45 

Trussed girders (See Oirden.) 

Trusses for bridge spans 171 

Tubes, ability of, to resist strains 202 

compression, strength of 243 

Tubular ginlers, Fairbaim's patent 183 

formuln to calculate strength of 188 

comparison with solid 259 

bridges over the Conway river and Menai straits . . . .184 

structures in nature ......... 259 

Turin, bridge at 164 

Tuming-lat^e ............ 73 

Unguents, effect of in reducing friction . . 107 

UnSbrm motion 2 

of two bodies, their local relation after a lapse of time . 6 

Union suspension bridge over the Tweed 226 

Utica and Syracuse railway bridge . 171 

Yelodty of falling bodies, to find 18,41 

combination in wheel-work 64 

nature of 2 

of projectiles, overcome by the resistance of the air . . . 25 

a rolling body 86 

angular, of rotating bodies , .17 

' of wheels, to produce variable . . . . . , .66 

Vibration, effect of, on wrought iron . • . « . . . .179 

of suspension bridges 211 

Yicat's experiments on iron wire • . 36 

WallB, church 140 

^ curved, on London and Birmingham Ballway ..... 143 

equilibrium of 139 

under any pressure ....... 144 

supported by buttresses 140 

shores 141 

Water, elliptico-drcular arch to facilitate passage of 153 

Waterloo bridge 166, 167 

Wellesley bridge spandrels 158 

Wemwag's bridge over the Schuylkill (U. 8.) 175 

Westminster bridge 152, 156, 158 

Wheel and axle, acceleration of by motion of through weights ... 81 

■ pressure of suspended weight on the spindle of when re- 
volving 82 

proportions o^ to ruse a weight in the shortest time . . 33 

Wheels, annular 46 

bevelled «... 46, 53 

band 63 

buff (friction) ......... 47, 66 

— ^— centre of gyration in ... 80 

■ ■ crown 46, 65 

eccentric •«.... 60 

with epicycloidal teeth • • . . 49 

■ - ■- ■ with involute teeth . • • . « • • • • .64 
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Wbeeli^ Hook«'8 i7 

^-^ with intenial pinion 68 

initramenta to dMciibe Ui« teeth of 56 

pin 46 

~— » pitch dide <^ 47 

^■^-^ ukd neks 61 

— — pftir of (oidinAiy eonitniction) 58 

(toothed) to wt oat 48 

— — for tmnonitting two speed! • . . 67 

¥rhite'8 . 63 

Whedwoik 45 

Whitedder, bridge orer the 170 

Whitworth'i plftning machine 76 

^^— drilling and boring machine 85 

Wiebeking'B bridges 174 

■ method of preaerring pUea in water 168 

Willifl*8.odontoffTaph 56 

WindlaaB, aUbiUty of ^ . 120 

Windi, eflect of on tabular and aospenaion bridges * . 202, 213, 222 

Wire rope for aoapenaion bridges ........ 214 

Wood, as a brid^boUding material 152,168 

preaeryation of, acainBt fongi 168 

transrerse strength of 268 

tensile strength of 236 

■ compression, strength of 241 

bridge of (See BrUgei). 

£inc» bichloride of, for preserying timber ..«•••• 168 
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